A study of the interaction of solid iron with liquid zinc. by Allen, Colin.
A STUDY OF THE INTERACTION OF SOLID IRON
WITH LIQUID ZINC
A Thesis Submitted to the University of London for the 
Degree of Doctor of Philosophy
by
COLIN ALLEN, Dip. Tech., L.I.M., A.C.T. (Batt)
Battersea Colledge of Advanced Technology
London, S.W.II. J u l y  1 9 6 3
•<cn 9 ,,'iv 
-  • • 1
ProQuest Number: 10800371
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10800371
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
INDEX Page
ACKNOWLEDGMENTS 1
S^NOfSlS 2
mvmxtes vsm ~ g
CHAPTER I. LITERATURE REVIEW 6
1.1. General 7
1.2. Interaction of Solid with Liquid Metals 8
1.3. Methods Used to Study the Kinetics of Interaction n
1.4. Interaction of Solid Iron with Liquid Zinc 1 3
1.4.1. General 1 3
1.4.2. Structure of the Interaction Zone 1 5
1.4.3* Formation of the Interaction Zone 1 8
1.4.4. Effect of Temperature on the Rate of Interaction 20
1.4.5* Influence of the State and Composition of the
Solid Iron 23
1.4.6. Influence of the Composition of the Liquid Zinc 2 6
1.4.7* Theories Accounting for the Changing Kinetics of
Interaction with Temperature 2 6
CHAPTER 2 . 1APPARATUS AND EXPERIMENTAL TECHNIQUES 3 0
2 .1 . Dissolution Annealing Apparatus 3 1
2.1.1. General 3 1
2.1.2. Vacuum System 32.
2.1.3* Silica Tube and Holder Assembly 3 3
2.1.4. Furnace and Temperature Control 3 3
2 .2 . Experimental Technique Used in Dissolution Annealing 3 7
2.2.1. General ^ 7
2.2.2. Dissolution Annealing Technique 3 8
2.3* Preliminary Experiments ^ 2
2.3.1* General 42
2.3*2* Influence of Surface Preparation and State of 
Annealing of the Iron Specimens on the Rate of 
Dissolution 42
2.3.3. Influence of the Ratio of the Volume of Zinc to the 
Surface Area of Iron on the Rate of Dissolution 43
2.3*4. Influence of Different Atmospheres on the Rate of
Dissolution 43
2.3*5* Conclusions 44
2.4, Ex&mlnation of the Specimens 49
2.4.1. General 49
2.4.2. Metallographic Examination 49
2.4.3* Electron Microscopy 51
2.4.4. Dimensional Changes of the Specimens 53
2.4.5* Microhardness Examination 55
2.4.6. X-ray Diffraction Examination 5 8
2.5* The Movement of Iron and Zinc Atoms Through the
Interaction Zone 62
2.5*1* General 62
2.5*2. Solid-Solid Couples 62
2.5*3* Solid-Liquid Couples 64
2.6. The Temperature Range of Stability of the iS Phase 6 7
2.6.1. General 6 7
2.6.2. Apparatus 6 7
2.6.3* Experimental Technique 6 9
2.7* The Effect of Alloying Elements on the S« to
Transformation 72
2.7*1* General 72
2.7*2. Preparation of Specimens 72
2.7*3* Experimental Technique 73
CHAPTER 3* RESULTS 74
3*1* Examination of the Specimens 75
3*1.1* Iron 75
3*1*2, Cruciform Patterns 79
3*1*3* Interaction Layers 8 2
3*2. Kinetic Results 92
3*2.1. Introduction 92
3*2.2. Dissolution of the Iron 92
3*2.3* Growth of the Interaction Layers 1 0 1
3.2.4. Quantitative Treatment of Results 1 0 2
3*3* The Movement of Iron and Zinc Atoms Through the
Interaction Zone 105
3*3*1* Solid-Solid Couples 105
3*3*2. Solid-Liquid Interaction Couples 109
3*4. Protective Properties of the Layers 114
3*4.1.' Introduction 114
3*4.2. Results 115
3*5* The Temperature Range of Stability of the 'S Phase 1 2 1
3*5*1* Introduction 1 2 1
3*5*2. Results 1 2 2
3 .6 . Effect of Alloying Elements Off the btto "S
Transformation 130
CHAPTER 4. DISCUSSION OF RESULTS 134
4.1. Structure of the Interaction Zone 135
4.1.1. Introduction 135
4.1.2. Nature of the Individual Layers 136
4.1.3. Cruciform Patterns l4l
4.2. Movement of Iron and Zinc Atoms Through the 
Interaction Zone 146
4.2.1. Introduction 146
4.2.2. Solid-Solid Couples 147
4*2.3. Solid-Liquid Couples 147
4.2.4. Indirect Observation 149
4.*2.5» Movement of Inclusions 150
4.2.6. Cruciform Patterns 1 5 2
4.3. Kinetics of the Process 153
4.3.1. Introduction 1 5 3
4.3.2. Lower Parabolic 154
4.3.3. Linear 160
4.3.4. Upper Parabolic 162
CONCLUSIONS 164
RECOMMENDATIONS FOR FURTHER WORK ' 16?
RESULTS - TABLES 168
REFERENCES 1 8 7
ACKNOWLEDGEMENTS
The work described in this thesis was carried out in 
the laboratories of the Department of Metallurgy under the 
supervision of Dr. J. Mackowiak. The author would like to 
express his gratitude and thanks for the valuable advice he 
has given.
The author is extremely grateful to Mr. L.W. Derry, 
Head of the Department of Metallurgy for his interest and 
encouragement and for the provision of research facilities.
The author would also like to express his 
appreciation to all the members of the Metallurgy Department 
who have in any way contributed to this thesis. Sincere 
appreciation for many helpful discussions is expressed to 
Dr. Harper and Mr. Hershman of the British Non Ferrous 
Metals Research Association; Mr. Davies, Mr Hiscock and 
Mr Blagden of the Zinc Development Association; and 
Dr. Robins and Mr. Thwaites of the Tin Research Association.
Acknowledgements are also due to the Department 
of Scientific and Industrial Research for financial support 
and to The Imperial Smelting Corporation and the British Iron 
and Steel Research Association for the supply of materials.
2SYNOPSIS
A systematic study of the kinetics of the 
interactions occurring between solid iron and liquid zinc 
in the temperature range MfO°C - 560°C has been carried out.
It has been found that both below and above the 'temperature 
range if95°C - 5 l8 °C, the rate of interaction is parabolic 
with time, whilst within this range it is linear with time.
An attempt has been made to elucidate these changing kinetics 
of interaction with reference to the nature and growth rates 
of the individual intermetallic layers which constitute the 
interaction zone.
It has been shown that in the parabolic regions, 
thejrate of iron dissolution is controlled by the diffusion 
of zinc through the interaction zone. In the linear range, 
the rate of attack is probably controlled by chemical 
reactions.
A new technique has been devised in order to assess 
the relative protective properties of the various intermetallic 
layers when exposed to the action of molten zinc. This method 
has shown that the absence of the phase above *f9 5 °C and the 
anisotropic nature of the 6 ", phase is responsible for a change 
in the rate of attack from parabolic to linear.
The inert marker technique which has been used 
extensively for disclosing the mechanism of reaction diffusion 
in solid-solid metal couples, has been shown to be equally
applicable in the study of solid-liquid oouples with 
intermetallic layer formation. This technique has 
conclusively shown that zinc is the diffusing constituent 
during the interaction of solid iron with liquid zinc.
It has been discovered during this study that 
unusual cruciform patterns were formed, whether or not the 
overall reaction rate was parabolic or linear with time. 
Previously these patterns had only been observed in this and 
other systems when the rate of interaction was linear with 
time.
The interaction layers have been studied using 
metaliographic, microhardness and X-ray diffraction techniques. 
These studies did not reveal the presence of capillaries or 
porosity in the 8 , palisade layers as previously believed.
Investigations on the temperature range of stability 
to the 'S phase indicate that its melting point is appreciably 
lower than the value given by the equilibrium phase diagram.
The effect of added elements on the peritectic
reaction
6 , -*• L  5*  $
has been carried out. A relationship has been established 
between the rate of the S,to transformation and the attack 
on the iron by liquid zinc.
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L I T E R A T U R E  R E V I E W
I.I. GENERAL
A review of the relevant literature was considered 
necessary to obtain information regarding
1 . the interaction of solid and liquid metals in general
2 . the experimental techniques used to study the kinetics 
of dissolution
3 . the data available on the iron-zinc system, with 
particular reference to the interaction of solid iron 
with liquid zinc, the phases resulting during the 
interaction, and the different techniques used for 
their identification.
/1.2. INTERACTION OF SOLID WITH LIQUID METALS
It would appear that the interaction of solid with 
liquid metals has been investigated mainly in connection with 
one or more of the following^^-
(a) failure of stressed materials as a result of 
embrittlement by liquid metals
(b) the joining of metals by soldering or brazing
(c) the protection of metals by galvanising, tinning etc.
(d) fundamental studies of liquid metal corrosion.
Many different modes of solid metal dissolution have
( 2 **8 ) ( Q }
been encountered and Miller in his contribution to the
liquid metals handbook discusses a number of these and classifies
as follows
1 . uniform solution attack
2 . direct alloying with the formation of surface films 
or typical diffusion layers
3- intergranular penetration
corrosion by contaminants, for example oxygen, nitrogen 
etc.
thermal gradient transfer 
6 . concentration gradient transfer or dissimilar metal 
transfer.
(If)
Manly has discussed a number of variables which can 
affect the rate of dissolution under the following headings
(a) temperature or temperature gradient
(b) cyclic temperature fluctuations
(c) surface area to volume ratio
(d) surface preparation and condition of the dissolving 
metal, for example state of stress, grain size, non 
homogeneity in the solid metal, grain boundary 
precipitates etc.
(e) number of materials in contact with the same liquid 
metal
(f) occurence of physical and chemical changes in the 
specimen due to alloying
(g) impurities in the liquid metal.
Temperature is considered to be one of the most 
important variables, because the higher the temperature, the 
higher the solubility of the solid in the liquid metal and the 
higher the diffusion rates. When a temperature gradient exists 
in a liquid metal, the difference in solubilities of the solute 
in the hot and cold parts of the liquid metal gives rise to 
temperature gradient mass transfer. Cyclic temperature 
fluctuations can also give rise to temperature gradient mass 
transfer.
The ratio of the surface area of the solid metal to 
the volume of the liquid metal is obviously important, since the 
solid metal will corrode until the liquid metal is saturated. 
Therefore, as the above ratio increases, the amount of corrosion 
will decrease.
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The purity of the metals can. not only have an effect on
the wettability of the solid metal and the rate at which the
solubility limit is reached, but can also have an adverse effect 
on the solution process. Thus oxygen which is a common impurity 
in sodium increases the specific solution rates of most metals 
in sodium.
It is also considered that the surface condition, 
provided it is free from surface films, has little influence 
once equilibrium is reached. Its primary effect is to-change
the rate at which the liquid metal reaches saturation.
When two or more metals are in contact with the same 
liquid metal, concentration gradient mass transfer can occur, 
due to reduction in concentration of the dissolving metal in the 
liquid metal by alloying with a second metal.
The present work is concerned with type (2 ) dissolution 
(as classified by Miller), that is direct alloying with the 
formation of intermetallic surface layers.
11
1,3. METHODS USED TO STUDY THE KINETICS OF INTERACTION
The kinetics of dissolution of solid in liquid metals 
can be studied experimentally^°^using
(a) static conditions
(b) kinetic conditions, where either the solid or liquid is 
in motion.
In static experiments, dissolution ceases when the 
liquid metal becomes saturated with the solid metal, unless the 
solute is being removed from solution by precipitation at the 
interface or by reaction with impurities.
The two methods generally used are continuous or non 
continuous.
Continuous Methods
In continuous methods the rates of dissolution are
measured directly by measuring the rate of growth of the solid
phases which are being formed.
(11)Scheil and Wurst determined the rate of growth of the
iron-zinc intermetallic layers using a dilatometer, which was
designed so that the growth rate could be measured at different
pressures. It was found that the rate of growth of the layers
were functions of the rate of iron dissolution.
(12)
Dravnicks used an electrical conductivity method 
in the study of the dissolution of nickel strips in molten sulphur* 
He found that this method gave somewhat different results from 
those obtained from weight loss measurements.
12
Non-Continuous Methods
In the non-continuous methods the rates of dissolution 
are found from a series of determinations of the extent of 
dissolution with time i.e. weight loss of the solid metal, 
concentration of solid in liquid metal, growth of the interaction 
layers.
(3)Eldred has developed a method for metals which do not 
attack silica tubing, in which the time of interaction between 
the solid and liquid metal can be accurately controlled.
In the majority of experiments, however, a simple 
technique has been used in which the solid and liquid metals are 
allowed to interact for a suitable period of time. The apparatus 
usually consists of an ordinary furnace controlled to give a 
minimum thermal gradient and minimum cycling about the mean test 
temperature.
I.if. INTERACTION of solid iron with liquid zinc
I.A.I. General
Although the chemical analysis of iron-zinc alloys
(13).were carried out over one hundred and twenty years ago, it
(1*0was not until 1907 that Vegesack compiled the original iron- 
zinc equilibrium diagram. This diagram subsequently underwent
/ 1 5  -j ft N
considerable transformations until Schramm in 19371 using
magnetic, thermal and metallographic techniques, established the 
presently accepted form (Fig I).
With the increasing use of zinc in the pressure die 
casting and galvanising industries, both the products and the 
kinetics of the interactions occurring between solid iron and
liquid zinc, with time and temperature, have also been studied
. . . (1 3 ,1 9 -2 1 ) extensively. ’
The great majority of information regarding the
reactions between molten zinc and solid iron relates to the
galvanising process and can be classified into
(a) the attack by molten zinc on steel galvanising tanks 
(prolonged interaction time)
(b) galvanised coatings on steel and their structures 
(short interaction times).
It is clear that most investigators have confined their 
studies to short interaction times, between 1 5  to J>600 seconds, 
especially to the reactions occurring at *+50°C. However, a 
number of workers have used a more fundamental approach using
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much longer times of interaction between the temperatures UUOcC 
- 600°C. Examinations of the resulting structures have been 
carried out using
1 . metallographic techniques
2 . microhardness
X-ray diffraction techniques.
Unfortunately many of the earlier investigations were
rather limited to the identification of the various phases present
in galvanised coatings and were often contradictory, presumably
because of the inadequate equilibrium diagrams and unsatisfactory
metallographic technique. Many of these results have since been
( 22)clarified, when Rowland in 19^8 showed conclusively with the 
aid of a new etch, which stained the different phases various 
shades of brown, that all the intermetallic phases corresponding 
to the Schramm equilibrium diagram were present in normal 
galvanised coatings.
I.k,2. Structure of the Interaction Zone
When solid iron interacts with liquid zinc at the
normal galvanising temperature of ^5 0 °C, it is now generally
accepted that the resulting interaction zone contains four '
phases^1^(Fig 2).
Immediately adjacent to the iron base is found an
adherent layer of the P phase which has a cubic lattice,
(23)
isomorphous with y brass. In the majority of earlier \
16
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TYPICAL STRUCTURE OF A GALVANISED COATING
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work^*^^this layer was referred to as FeZn^ or Fe^Zn^, but a 
more appropriate formulae based on its homogeneity region of 
21% - 28% iron is probably Fe^Zn^. Although this layer is 
considered to be brittle, no hardness figures are quoted in 
literature. The layer is not always shown in published 
micrographs of industrial galvanised coatings presumably because
it is the thinnest of the alloy layers i.e. usually less than
(20) one micron.
The S, layer is found next to the f1 layer and has a
/ 1 / _ _ . _ (2 —^ 2 6 )
composition range of 7% - 11 •'**■% iron. Earlier references
considered this phase to be FeZn^ but its composition was shown
to correspond more closely to the formulae FeZn^. It has a
(27)rather complex hexagonal crystal structure. This S 4 layer is
distinctly recognisable in galvanised coatings by the columnar
(19)structure which it exhibits along its outermost part. This 
outer area has been termed the $t palisade layer and the inner 
part the 6 , adherent layer. Bablik et al consider that the 
palisade layer is the resultant of concentration gradients and 
the strong anisotropic growth of the phase. They argue that 
this outer part of the St layer has a higher zinc content and a 
correspondingly higher atomic volume and subsequently, because 
of its brittle nature, it cannot accommodate this increase in 
stress and fissuring occurs. Bablik^further claims that this 
fissuring causes the specific weight of the palisade layer to be 
reduced from 7*24 to 6.2. Rowland also concluded from
18
metallographic studies, together with microhardness, that
concentration gradients exist in the 6 , layer. He found that
the hardness of this layer decreased from 515 K.H.V. near to the
P layer boundary to K.H.V. at the 5 layer boundary.
Adjacent to the 5, layer is fiund the S  layer, which
is sometimes known as the floating layer because its crystals
have a tendency to float off into the molten zinc during the
(21)dissolution annealing. It has an extremely close homogeneity
region of 6 .0% to 6 .2% of iron and is given the formulae FeZn^.
Like all intermediate phases it is also brittle with a hardness
(22)value of approximately 2?0 K.H.V. Its crystal form belongs to
(29)the monoclinic symmetry.
The Y) phase which contains a small amount of iron
forms the outer surface of the interaction zone. It has a
similar hexagonal lattice to pure zinc^*^
It is interesting to note that the <X solid solution
of zinc in iron has never been detected in galvanised coatings.
(31)Stillwell and Clark progressively examined the surface of 
galvanised coatings by a glancing angle* X-ray diffraction 
technique, after successive removal of thin surface layers by 
etching in hydrochloric acid, but it is quite probable that 
during one of these etches they removed the e< layer.
I.*f«3» Formation of the Interaction Zone
It is. generally considered that during the interaction
19
between solid iron and liquid zinc,diffusion of iron and zinc
(19)atoms determines the formation of the resulting alloy layers.
Although the actual diffusion rates aremt known, characteristic
alloy layers have been observed in the interaction zone when iron
(32)
specimens were dipped into molten zinc for less than one second. 
(32)Hughes states that the formation of these layers is due
principally to the diffusion of iron atoms. He found that at
short immersion times the interaction zone contained only the
zinc rich phase 5  . On continued immersion, diffusion of iron
atoms successively produced the S’* and r1 layers.
(33)However, Bablik et al have observed that during the
course of interaction, oxide and cementite particles originally 
embedded in the iron surface progressively moved towards the zinc 
interface. They concluded that diffusion occurred at a rate 
which corresponded to the growth of the iron-zinc alloy layers
and that during their formation, solely zinc was diffusing,
A1.. . . .. . (13,19,22,3^-38),Although many other investigators ’ ’ ’ have
added further controversy to this argument by assuming that either 
or both zinc and iron atoms diffusing through the interaction zone 
are responsible for the formation of the layers, they do not, in 
the great majority of cases, attempt to justify their views.
Several workers^^considered that the 1> layer is a 
barrier to diffusion and assumed that this is caused by its 
narrow composition range. Furthermore it has been stated that 
if diffusion is the controlling factor in the growth of the alloy
20
layers, then the S, layer will he thicker than the layer
(19)because it has a wider composition range.
Effect of Temperature on the Rate of Interaction
The effect of time and temperature on the structure and 
kinetics of the interactions occurring between molten zinc and 
ferrous materials has been investigated extensively during the 
last 35 years. It appears that many of the contradictory
statements are the result of the differing materials and
4. U • U- u ,(13,19-21)techniques which were used. ’
In general, however, it has been observed that the
interaction rate of solid iron in liquid zinc is parabolic with
time below and above the temperature range A-7 5 °C “ 5 2 5 °C.
Progressive increase of the temperature from k75°V to 525°C
causes the rate of dissolution to increase until it becomes
linear with time, and then decrease until it finally becomes
parabolic with time at 525°C. All available results show that
a maximum rate of attack occurs at approximately 300°C (Fig 3)«
Considerable disagreement exists as to the actual
temperature limits during which the rate of attack is linear with
time. Recent results obtained by Hor tsmann^^ indie ate that the
temperature range overwfoich this type of attack occurs is from
^95°C - 515°C, but Wiillhorstusing a more elaborate laboratory
technique found the range to be *f9 0 °C - 520°C.
Surprisingly few i n v e s t i g a t o r s ^ " ^ h a v e
recorded the growth of the alloy layers with time and temperature
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in the interaction zone. From the results which are available
it would appear that the rate of growth is highest for the S,
layer and correspondingly lower for the and P layers
(11)respectively. Scheil and Wurst have also shown, using a
sensitive dilatometer, that the rate of total alloy growth follows
similar laws to those for total iron dissolution.
From extensive measurements on the growth of the alloy
layers with time in the temperature range k30°C - *+8 5 °C,
(LL)
Blickwede concluded that the growth of these layers did not 
follow accepted diffusion laws. Using the formulae
where y = thickness 
n, k = constants 
t = time
he argued that in a process controlled by diffusion the constant
n would be approximately 0.5» whereas these values for the P , S,
and *§ layers were approximately 0 .1 3 , 0 . 6 2  and 0 . 2 2  respectively,
("^8 )
These results disagreed with those obtained by Horstmann who 
found the value for n for the P  layer to be the same as that for
the total iron dissolution outside the range of temperature
495°C - 515°C.
(32)The influence of temperature on the structure of the
interaction zone is comparatively slight below *f7 5 °C, but it has
been observed that at higher temperatures the "S layer becomes 
porousl^^ Furthermore, this i* layer disappears at 
although, according to the phase diagram, it should be stable up
23
to 5 3 0 ° C ^ ^  Hortsmann^^explains its disappearance as being
due to the slowness of the peritectic reaction.
£ < ■+- L  '*§
between the temperatures ^95°C - 530°C. A number of 
(13 ^ 5 if 6 if7)investigators ’ ’ claim that in the temperature region
around 5 0 0 °C, when the rate of attack of zinc on iron is linear 
with time, the P layer is absent from the interaction zone*
One clear fact does emerge from the study of 
photomicrographs of the alloy layers forming at different 
temperatures and times, namely that the low rates of attack are 
associated with compact alloy layers whilst high rates are 
associated with broken and intermingled phasesl*^
It is interesting to note that Scheil et al^^'^^have 
observed that during a linear rate of attack around 5 0 0 °C, the 
resulting interaction zone appears to grow perpendicular to the 
specimen surface resulting in a geometrical shape, which has
(Zf9)
since been termed a cruciform pattern.
I»*f.5» Influence of the State and Composition of the Solid Iron 
The greatest influence of the basis material upon the 
structure of hot dipped zinc coatings and the overall rate of 
attack is caused by variations in the chemical composition^ 
Variations in the surface condition and the metallographic 
structure of the iron are of lesser importance.
It has been established that pure iron or low carbon
steel possesses the greatest resistance to attack by molten
(SO— (53) zinc. Recent extensive investigations by Hortsmann have
shown that the rate of attack by molten zinc on iron is
considerably affected by the presence of alloying elements in
the iron. These results have indicated that all the alloying
elements enhance both the parabolic and linear types of attack.
He notes that with some elements (0,Si,Mn,Al,Mo) the rate of
attack increases with concentration only to a certain value and
then falls away again. This decrease at higher concentrations
with Si, Al, Mo, may become so considerable, that the iron loss
with time and temperature falls below those values for pure iron.
Thorley^^notes that these variations in the rate of
iron dissolution are presumably caused by the alloying elements
altering the diffusion characteristics of the iron and zinc atoms
in the basis material and interaction zone.
(5Zl)
Haughton has shown that the surface contour of the
basis material also has an influence in determining the degree of
attack by molten zinc. It is considered that rough surfaces
caused by sand blasting or emerying, not only increase the rate
(IQ 28 55 60)
of attack of zinc on iron, 1 undulating surface
causes a differing structural build up of the alloy layers which
(19)results in a spongy coating or interaction zone. It is also
believed that polishing causes variations in the degree of
cold-working of the specimen surface so that the rate of attack
(19)and alloy layer formation is again not uniform. Uniformly
25
cold-worked surfaces, however, although attacked xuoro heavily, 
result in a more uniform coatingf^1^ A n n e a l e d  specimens
(59)have the greatest resistance to attack.
The increase in the rate of dissolution of cold-worked
(6 2 )
surfaces is explained by Bablik as being due to the high 
reactivity of the Beilby ’’surface layer" which increases the 
diffusion rate of iron. Removal of this cold-worked layer by 
electrolytic etching has been shown to reduce the reaction 
velocity by as much as 50% measured by the zinc loss during 
galvanising.
C 63)
It is very interesting to note that Grubitsch found
cold-working decreased the maximum rate of attack around 500°C
but increased the temperature range over which this type of
attack occurred.
It has also been shown that the thickness of the
interaction zone is apparently heavier on coarse grained than
fine grained steell^^
Very little information is available on the effect of
gases in the iron on the subsequent attack by molten zinc.
Nitrided steels^^have been observed to result in a decreased
alloy layer formation although the growth of the *§ layer is
increased. Oxygen when present as oxides results in the
(65)formation of heavy layers. Hydrogen is considered to break 
up the alloy layers in the interaction zone when it escapes from 
the work during galvanising^"^
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I. ^-.6. Influence of the Composition of the Liquid Zinc
A great deal of information^^’^ ’^ ’^ ^has been 
published with regard to the effect of alloying additions to the 
zinc on the subsequent interaction with solid iron. Much of the 
work has again been contradictory, but recent results indicate 
that they produce similar effects as alloying additions to the 
basis material. It has been shown that the overall rate of 
attack is increased although similar laws of interaction are 
obeyed, that is, parabolic, linear, parabolic. It has also been 
observed that in general the range of temperature over which a 
linear rate of dissolution occurs is increased by additions to 
the molten zinc.
It is interesting to note that small additions of
/ Cn \
aluminium to the liquid zinc have been found to inhibit the 
reaction altogether. It is believed that this inhibition is 
caused by the formation of a thin film of Fe^Al^ on the surface
of the iron which effectively hinders diffusion of iron and zinc
(68) atoms.
I.*f.7» Theories Accounting for the Changing Kinetics of 
Interaction With Temperature
Since the rate of interaction with time between solid 
iron and liquid zinc is initially parabolic then linear and 
finally parabolic over a comparatively small temperature range, 
the rate regulating factors are of great interest.
2?
It is generally agreed that in the range of temperatures
where the rate of attack is parabolic with time, diffusion of
(VOzinc and/or iron atoms is rate determining. This follows from
a consideration that diffusion obeys parabolic rate laws and the
melting temperature of the alloy phases is above the temperatures
( ^
investigated during a study of these kinetics. Horstmann has 
also shown from the rate of growth of the alloy layers with time 
and temperature between k30°C - 485°C and 515°C - 5^0°C, that 
the total rate of iron dissolution follows a similar law to that 
for the growth of the P  layer. He argues therefore that this 
layer determines the total rate of dissolution by controlling
(VOthe diffusion of atoms. Blickwede who also studied the 
growth of alloy layers with time and temperature between ^50°C - 
V>5°C concluded that diffusion was not the rate determining 
factor, even though the total rate of iron dissolution may be 
parabolic with time* However, he could not offer an alternative 
explanation.
Although there are many conflicting explanations for 
the change in the kinetics of interaction from parabolic to linear 
and back to parabolic, it is apparent that they can be broadly 
classified into two groups.
The first group considers that the presence 02* absence 
of the § layer determines whether or not the rate of iron 
dissolution in molten zinc is parabolic or linear below a 
temperature of 530 C. Bablik and Gotzl suggested that below
495°C, the iron has to diffuse through all the alloy layers 
before interacting with the zinc. At 495°C they observed that 
the ^  layer disappeared and the zinc could then penetrate through 
the fissures in the S, layer, thus decreasing the diffusion path, 
with a consequent increase in the rate of dissolution of the
/% O
solid iron. The absence of the "S layer at 495 0 has been 
confirmed by other investigators. Thorley^^ indicates, however, 
that this explanation does not explain why the rate of interaction 
decreases again at higher temperatures. He advances the theory 
that below 530°C the alloy layers are coherent and the rate of 
attack is diffusion controlled. Between 480°C - 530°C the 
alloy layers become porous.allowing the zinc to penetrate to the 
layer so that the peritectic reaction
g, * L  -§
occurs at an increased rate# This :rate reaches a maximum in 
the neighbourhood of 500°C. Between 500°C to 530°C the speed 
of the above peritectic transformation decreases, becoming zero 
at 530°C, ct which temperature the attack again becomes diffusion 
controlled, and the "S layer ceases to exist.
The majority of investigators favour the theory that 
the absence of the P layer in the temperature range around 500°C 
is responsible for an increased interaction rate. However, 
there is no satisfactory explanation to account for its absence 
in this temperature range. Originally Pungel et al^^connected 
a high dissolution rate of iron in molten zinc with the absence of
the FeZn^ layer. Although their photomicrographs show FeZn^ to
be S, » the composition corresponds more closely with the P
layer. Scheil and Wurst^^also found a linear rate of attack
in the absence of the P layer and suggested that zinc could then
penetrate the fissures in the S, layer and directly react with
the iron base. They concluded that when the P layer was present,
the reaction moved from the iron surface to the perimeter of the
alloy layers and the rate of attack became parabolic with time.
Under these circumstances the rate of interaction became diffusion
(i+7)
controlled. They substanciated their theories, by compressing 
the alloy layers forming during a high dissolution rate of iron 
in molten zinc, and found that dense coherent layers caused a 
decrease in the rate of iron dissolution. They postulated that 
the application of pressure closed the fissures in the S ( layer 
thus decreasing its rate of formation and allowing the growth of 
the P  layer.
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A P P A R A T U S  A N D  E X P E R I M E N T A L
T E C H N I Q U E S
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2.1. DISSOLUTION ANNEALING APPARATUS
2.1.1. General
The literature survey has shown that very simple 
apparatus was used in the majority of previous investigations on 
the solid iron-liquid zinc system. This usually consisted of 
a large bath of liquid zinc, covered with a thin layer of flux, 
into which.previously weighed strips of iron were dipped for 
very short periods of time.' However, in the present work it 
was decided to carry out the investigation under very closely 
controlled conditions, using much smaller quantities of pure 
materials. It was also considered necessary to avoid 
contamination by impurities* This obviously necessitated the 
development of an apparatus containing a number of desirable 
features, the final form of which is shown in Fig k,
2.1.2. Vacuum System
The system consisted of an Edwards speedivac unit, 
comprising an oil diffusion pump and a backing pump mounted on 
the same base. It was found during the development of the 
experimental technique, that the oil diffusion pump was 
unnecessary and consequently only the backing pump was used in 
the subsequent experiments. Copper tubing was used to connect 
this pump unit to the vacuum tube assemblies. Incorporated 
into this copper tubing were valves to (1) permit the introduction 
of gases to the system and (2) to isolate each silica tube from
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the remainder of the apparatus. A liquid air trap was also 
built into the apparatus in order to prevent moisture and zinc 
vapour fumes .from entering the pump unit.
During trial runs it was found that in one minute the
whole system could be evacuated to a pressure of less than
50 microns of mercury. The vacuum in the system was measured 
using an Edwards vacustat guage and a milliameter originally 
fitted to the pump unit.
2.1.3* Silica Tube and Holder Assembly
A more detailed view of the furnace, silica tube and 
holder assembly is shown in Fig 5a. The silica tube was 
connected to the remainder of the system through a tightly fitting 
rubber bung surrounding the end of the copper tube, and seated
on •J” thick brass flange. Two -J-” diameter steel rods, 18" long,
were screwed into this flange and used as a rigid suspension 
for the brass holder. The brass holder was chosen because of 
its high heat capacity and oxidation resistance. This holder,
2-J” in diameter and 1-J" in height, was recessed to accommodate 
a Morgan XN 10 crucible and an -g” diameter stainless steel 
sheathed chromel/alumel thermocouple. The tip of the thermocouple 
was at the same depth in the block as the iron specimen contained 
in the alumina crucible during dissolution annealing. The other 
end of the thermocouple passed through the flange and rubber bung 
and was connected to a potentiometer using chromel/alumel
Kgi P
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compensating cable. This robust metal sheathed thermocouple 
was found essential in use to protect the thermocouple wire from 
attack by zinc vapour*. The holder assembly was so designed that 
the crucible was always kept in the same position in the furnace 
and virtually free from vibration. The assemblies constructed 
for the two furnaces were similar and were found to be simple 
and convenient in use.
2.1.4. Furnace and Temperature Control
The furnaces built for the present work incorporated 
a Wild Barfield electric heating element with a rating of 
240 volts and 1000 watts. Each furnace was mounted on pulleys 
so that they could be moved in a vertical direction around the 
silica tubes and holder assemblies. During the experimental 
work the silica tubes rested on the internal base of the 
corresponding furnace thus maintaining the same position relative 
to the heating zone.
The electrical arrangement used "fee control the 
.temperature of each furnace is shown in Fig 5b. This comprised 
an on/off controller in parallel with a resistance shunt and in 
series with a variac. Any temperature change in the furnace 
was quickly detected by means of a chromel/alumel thermocouple 
situated adjacent to the windings. The maximum current flowing 
to each furnace was determined by the voltage setting on the 
variac and the minimum by the resistance of the electrical shunt.
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The resistance of this shunt was 15 ohms i.e. that of the 
furnace windings, and the value of the variac setting for any 
one temperature was predetermined. This arrangement ensured 
that only slight fluctuations in the temperature of the windings 
occurred when the controller switched the current on and off at 
the required temperature. Furthermore, any temperature 
fluctuations originating at the windings were considerably 
reduced by the fact that the heat had first to pass through 
thick walled silica tubing , air gaps and finally through a brass holder 
of high thermal conductivity before reaching the alumina crucible.
During trial runs it was established that the 
temperature of the metal in the crucible could be controlled 
to + I°C using an Ether Xactrol potentiometric controller and to 
+ 2°C with an Ether Transitrol controller. Furthermore, the 
temperature of the metal in the crucible and the brass holder 
were found to be the same. This temperature check was made by 
substituting a small block of iron in the crucible for the zinc 
and measuring the Emfs. produced at various temperatures by the 
thermocouples immersed in the holders and iron cylinders. 
Subsequently all measurements of temperature were taken as being 
that of the brass holder. From time to time the thermocouples 
were recalibrated against the melting points of various metals
i.e. Zn^^Al.
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2.2. EXPERIMENTAL TECHNIQUE USED IN DISSOLUTION ANNEALING
2 2.1 General
Several non-continuous methods have been used for 
investigating and reporting the kinetics of dissolution of solid 
in liquid metals. In the majority of cases these investigations 
have been carried out by : -
(a) weighing the specimens before and after dissolution 
annealing and expressing the difference into weight
•+ *• (3 8 ,7 2 )changes per unit area per unit time
(b) converting the weight loss of the solid metal into
equivalent changes in thickness^^
(c) measuring the rate of dissolution as a function of the
(vlf 75)
increase in concentration of solute in solvent ’
(d) direct measurement of the decrease in dimensions of
solid metals and the thickness of the intermetallic
W t Dlayers. ’
In the present work it was considered desirable to use 
an experimentaltechnique which would permit the simultaneous 
study of the kinetics of dissolution of the iron and the growth 
of the intermetallic layers. Thus the interdependence of the 
dissolution process and the growth of the "diffusion" layers 
could be studied under identical experimental conditions.
It was felt that a suitable method for this work would
be to use a similar technique to that used by Mackowiak^ i.e.(d).
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This choice was based on the previous observation that there was 
no diffusion of zinc into iron and hence no distortion and the 
attack was quite uniform over the entire surface. Furthermore, 
recrystallised alumina was found to be inert to molten zinc and 
therefore suitable for this work.
2.2.2. Dissolution Annealing Technique
The pure materials used in this work were selected in 
order to void as far as possible any discrepancies in the results 
due to impurities. The analysis of the Armco iron and Crown 
Special zinc are given on page 4*
The Armco rod provided was machined into the form of 
small cylinders 9 diameter by 7 mm in length. The flat 
faces of each specimen were afterwards abraded on 320 grade 
carborundum paper, using water as a coolant, until they were 
parallel. The specimens were then etched in 5% nital to remove 
any abrasive particles, washed in water followed by acetone and 
dried in a blast of cold air. To prevent any oxidation, the 
cylinders were stored in a desicator over calcium chloride and 
immediately prior to dissolution annealing they were measured to 
+ 0 . 0 0 5  using a micrometer.
Each specimen was then placed, together with a small 
quantity of zinc, into a Morgan XN 10 crucible (Fig 6). Care 
was taken at this stage to ensure that the iron was positioned 
with its faces perpendicular to the base of the crucible to
3 9
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facilitate correct sectioning after the subsequent dissolution 
annealing treatment. The crucible and contents were then dried 
thoroughly for fifteen minutes at approximately 120°C by standing 
on top of the hot furnace. At the conclusion of this period the 
furnace and silica tube were quickly lowered to expose the brass 
block which was already at the temperature to be investigated.
The crucible was placed in position within the block, the tube 
and furnace replaced in the original position and the whole system 
evacuated, by means of the backing pump, to a pressure of less 
than 50 microns of mercury. This part of the operation did not 
exceed more than two minutes in any one experiment. Argon gas 
at atmospheric pressure was then flushed through the apparatus 
via the valve X (Fig 4) before the system was again evacuated to 
a pressure of 50 microns of mercury. Once again argon was 
admitted to the tube at a pressure of 150 microns of mercury, 
after the valve V to the backing pump had been closed. This 
slight negative pressure within the tube ensured a good seal at 
the junction of the tube and the rubber bung. As the pressure 
was only reduced to a comparatively low vacuum by means of the 
backing pump, this double flushing of the system with argon gas 
was found necessary to prevent oxidation of the iron and thus 
ensuring wetting by the molten zinc. The silica tube was 
afterwards isolated from the remainder of the apparatus by closing 
the valve Y.
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After the required time of annealing, the furnace was 
lowered and the block allowed to cool within the silica tube to a 
temperature of 500°0. The valves X and Y were then opened and 
argon gas admitted at a.tmospheric pressure before the tube was 
dismantled and the alumina crucible taken out and cooled in air. 
The duration of the run was taken from the tine of placing the 
crucible in the block until the furnace was removed from around 
the silica tube. Thus the effects produced by the time of 
heating to the isothermal temperature and cooling to room 
temperature were maintained practically constant for all runs, 
only the length of time at the isothermal temperature was varied.
The composite specimen was removed by turning the 
crucible upside down and tapping on the base. It was found on 
subsequent examination of the surface of these specimens that the 
zinc was quite bright and only a thin oxide skin was present on 
the surface (Fig 7)* Examination of the specimens for the 
decrease in dimensions of the iron and the growth of the 
intermetallic layers was carried out as described in section 2.4.
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2,3. PRELIMINARY EXPERIMENTS
2.3.1. General
Although the experimental technique adopted was both 
simple and gave an accurate evaluation of the dimensional changes 
of the iron and the growth of the intermetallic layers, it was 
evident from a survey of the literature that there are many 
factors that could possibly influence these results. Therefore 
preliminary experiments were designed to evaluate a number of 
these factors.
2.3.2. Influence of Surface Preparation and State of Annealing 
of the Iron Specimens on the Rate of Dissolution
Previous work on this system^^had shown that abrading 
specimens below 3 2 0  grade carborundum paper had little or no 
effect on the overall dissolution rate of the iron and 
consequently, in the present work, all specimens were abraded 
down to this grade of paper only. The influence of the state of 
iron on its dissolution rate and the growth of the intermetallic 
layers in liquid zinc was investigated in the following series 
of experiments
(a) the faces of the iron were abraded down to 3 2 0  grade 
carborundum paper
(b) the specimens were treated as in section (a) and 
afterwards etched for 3 0  seconds in 3% nital to remove 
the cold-worked layer caused by polishing.
(c) the third series of experiments Were treated as in (a)
-6and then annealed in vacuo at a pressure of lO*" mm Hq 
for kS hours at 600°C. This temperature was chosen to 
ensure that all strain was removed from the specimens 
and there was no further grain growth during dissolution 
annealing. These specimens were found to have no 
visible oxide skin when removed from the furnace.
2.3«3« Influence of the Ratio of the Volume of Zinc to the 
Surface Area of the Iron on the Rate of Dissolution 
Dissolution annealing was carried out on etched 
and unetched specimens intwo volumes of zinc namely 20 grams,, and 
^0 grams. This was considered necessary to determine whether or 
not the amount of iron dissolving in the molten zinc had an 
influence on the rate of dissolution.
2.3*^* Influence of Different Atmospheres on the Rate of 
Dissolution
It was considered that the use of inert atmospheres
would not only avoid contamination of the reactants with
impurities £r<ae fluxes and other sources, but would also prevent
undue oxidation and burning of zinc in the airl^^ It was also
felt desirable to conclude whether pressure had any such effect
on dissolution rates. Experiments were therefore conducted to
analyse these factors using hydrogen and argon,since these gases
(70 71)do not dissolve to any appreciable extent in liquid zinc. *
(a) specimens were dissolution annealed in vacuo of 
5 0  microns of mercury
(b) specimens were dissolution annealed in atmospheres of 
hydrogen gas at 1 5  and 150 mm of mercury pressure and 
argon gas at 150 mm pressure.
All experiments were carried out in triplicate and some 
were duplicated at two temperatures. This duplication of the 
experiments at the temperatures of k^O°C and 5 0 0 °C was considered 
necessary since it was known that two different rates of attack 
of liquid zinc on iron occurred at these temperatures.
2.3«5» Conclusions
The results of the preliminary experiments are 
summarised in Tables 1, 2 and 3» It can be seen that the extent 
of dissolution and the growth of the intermetallic layers appear 
to be completely independent of all the factors investigated 
within the normal experimental error. These errors were 
previously found to be
- 0,006k mm for* the P  layer
- 0 . 0 1 5  mm for the 6, layer
- 0.00^ 4- mm for the £  layer
i 0.0075 ®m for the iron at ^5 0 °C
i 0.020 mm for the iron at 500°C 
However, it should be noted that because of the small 
total dimensional changes this experimental error for the decrease
in dimensions of iron at k30°C was rather high especially over 
short periods of time. In view of the fact that the subsequent 
experiments were to be carried out over much longer periods of 
time and essentially at higher temperatures, the accuracy was 
considered to be satisfactory.
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Table 1
Effect of Specimen Condition and Volume of Zinc on the Growth of 
the Alloy Layers and Decrease in Dimensions of Iron at
455°C ± 2°C for 3 Hours
Wt of zinc 
in grms.
Specimen
condition
Growth of alloy layers in mm
r S. 5
Decrease in 
thickness 
of iron in 
mm..
20 Etched 0.0025 0.134 0.034 0.030
tt tt 0.0024 0.121 0.034 0.035
tt it 0.0022 0.143 0.035 0.035
20 Unetched 0.0026 0.136 0.032 0.040
tt tt 0.0025 0.119 0.037 0.035
ft tt 0.0022 0.131 0.031 0.030
20 Annealed 0.0025 0.139 0.038 0.035
tt tt 0.0026 0.135 0.034 0.035
tt tt 0.0024 0.137 0.031 0.040
40 Etched 0.0025 0.144 0.030 0.035
tt tt 0.0026 0.131 0.032 0.030
tt tt 0.0027 0.145 0.030 0.030
40 Unetched 0.0026 0.149 0.031 0.040
tt tt 0.0024 0.131 0.031 0.035
tt tt 0.0025 0.149 0.030 0.035
4o Annealed 0.0027 0.130 0.035 0.030
tt tt 0.0025 O .136 0.031 0.035
tt tt 0.0024 O.131 0.034 0.025
Table 2
Effect of Inert Atmospheres and their Pressure on the Growth of 
the Alloy Layers and the Decrease in Dimensions of 
Iron at -^55°C ~ 2°C for 3 Hours
....i i ........... .......... — i i — mmmmmm ■■■ ■ n m u n i...........
Atmosphere Pressure 
in mm.
Growth of alloy layers in mm Decrease in 
thickness 
of iron in 
mm.r s, S
Hydrogen 15 0.002A 0.1^6 0 . 0 3 0 0.035
i? f?. 0.0021 0.1^9 0 . 0 3 0 0.030
t! it 0.0023 o.lkS 0 . 0 3 0 0 .0 A0
Hydrogen 1 3 0 0.0022 0 .1 ^ 5 0 . 0 3 1 0.035
ti ti 0.0023 0 .1 ^ 5 0 . 0 2 8 0.035
ii n 0.0021 0 . 1 5 6 0 . 0 2 8 0.030
Argon 150 0.0023 0 . 1 3 1 0 . 0 3 0 0.025
i i tt 0.0022 0.135 0 . 0 3 3 0.025
tt it 0.0023 0.133 0 . 0 3 1 0.035
Table 3
Effect of Specimen Condition and the Volume of Zinc on the Decrease 
in Dimensions of Iron at 500°C t* 2°C for 3 hours
Wt. of zinc in 
grms.
Specimen
condition
Decrease in thickness of the 
iron in mm.
20 Etched 0.185
n it ‘ 0.210
ii tt 0.200
20 Unetched 0.205
ii n 0.190
ii it 0.175
20 Anneaied 0.185
it it
0.190
tt tt 0.195
*f0 Etched 0.210
tt it 0.190
tt tt 0.195
4-0 Unetched 0.185
II tt 0.190
tt it 0.195
ko Annealed 0.170
It n 0.195
II it 0.210
Z.k. EXAMINATION OF THE SPECIMENS
2.4.1. General
A survey of the relevant literature has shown that the
interaction of solid with liquid metals is- usually investigated
using one or more of the following
(77 ifif)
1. dimensional changes *
2. weight changes^^ *7^)
(1 19)3. chemical and spectographic analysis ’
4. concentration of the dissolving metal in the 
solvent^'755
f ? 76)
5. X-ray and electron diffraction ’
(if 22)
6. metallographic studies ’
7- microhardness studies^*^^
In the present work several methods were used to study 
the nature and the mechanism of formation of the interaction 
zone and to identify the phases present.
2.4.2. Metallographic Examination
(a) Preparation of Specimens
The composite specimens were sectioned using a 
hacksaw, and the exposed face abraded on successively finer 
grades of carborundum paper from 220 to 600 grade. When 
proceeding from one carborundum paper to another the specimens 
were turned through 9 0 ° and further abraded until the scratches 
from the previous paper had disappeared. The specimens were
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then rinsed in water followed by acetone and dried in a blast 
of cold air.
Final polishing was carried out on a number of revolving 
selvyt covered pads, each of which had been previously smeared 
with different grades of diamond paste (6 d^/ , I/u , \J^) &£d 
lubricated with Hyprez fluid. Polishing was continued on each 
pad until the scratches from the previous stage had been removed. 
After polishing on each pad, the specimens were cleaned 
thoroughly. This was achieved by rubbing the polished face 
lightly with cotton wool soaked in soap solution to dislodge the 
diamond abrasive, followed by rinsing in cold water, then alcohol 
and drying in a blast of cold air.
(b) Etching of the Specimens
Etching was carried out using a mixture of water, 
picric acid and alcohol. The solution was found to stain the 
various intermetallic iron-zinc phases different shades of brown;
the final shades depending on the concentrations of the individual
constituents contained in the etch, room temperature and time of 
etching. The solution finally adopted and used throughout this 
work contained
1 0  mis. distilled water 
1 5  mis. of k% picric acid in water
2 0  mis. of methyl alcohol 
However, it was found necessary to prepare- fresh solutions when 
etching since the reagent was relatively unstable at room 
temperature.
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The final etching procedure adopted was to immerse the 
specimens in this solution for.1 0  seconds, rinse in water and 
alcohol, dry in a blast of cold air and examine microscopically. 
This proceedure was repeated until there was a satisfactory 
distinct colouration of each individual phase.
Details of any changes which could be observed in the 
general microstructure of the specimens were carefully noted. 
Features of interest were photographed using a Vickers projection 
microscope.
2.^.5* Electron Microscopy
A modified carbon replica technique was found to be 
most convenient for examination of the specimens by electron 
microscopy. The specimens were initially polished and etched 
and any dust particles adhering to the surface were removed by 
first attaching selotape to the surface and then stripping it off.
A small piece of Bexfilm saturated with acetone was 
placed on the surface to be ^examined and allowed to..<fc*y for about 
2 0  minutes, before being stripped from the specimen. This film 
was then attached to a glass slide using selotape, with the 
structure surface uppermost, and then placed in the vacuum chamber 
of an Edwards coating unit .12 E 6 . The vacuum chamber was 
evacuated to a pressure of less than 1 0  mm of mercury, before 
carbon was evaporated onto the surface of the Bexfilm. It was 
subsequently found that the replicas cracked if the pressure in
the apparatus1' during this evaporation period was greater than 
that quoted. The actual thickness of the carbon film deposited 
was judged from its colouration on a piece of white porcelain 
laid adjacent to the glass slide during the operation.
Previously part of the porcelain was covered with high pressure 
oil to prevent any carbon deposition and thus provide a reference 
point of the original colour. It was found experimentally that 
a light brown colouration was the optimum thickness and thiB was 
achieved with a 1 to 2 second discharge across the carbon 
electrodes. To prevent overheating of the electrodes which 
resulted in little carbon evaporation, it was found essential 
to have sharp points on these electrodes#
After removal of the film from the vacuum chamber, 
vaseline was smeared on the carbon surface. The film was then 
cut with scissors into smaller squares and the Bexfilm dissolved 
away from the carbon replica by immersion in acetone for four 
hours. In order to completely dissolve the Bexfilm, it was 
important to transfer the replicas to a second petri dish 
containing fresh acetone after two hours. In the preliminary 
experiments, trouble was experienced at this stage in the 
dissolution of the Bexfilm by the shattering of the ca.rbon 
replicas. The addition of vaseline to the carbon prevented this 
occurrence. The vaseline was subsequently dissolved away by 
immersion of the replicas in carbon tetrachloride for a period 
of 2k hours, care being taken to give two washes.
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The carbon replicas were then floated onto copper 
specimen grids, placed in a holder* and examined in an Akashi 
electon microscope. On examination of a number of these replicas 
it was observed that etching with the normal solution appeared 
to give sharp contours, which caused a partial breaka.ge of the 
film. It was discovered that etching the specimens for one and 
a half minutes in a saturated solution of picric acid in alcohol 
overcame this effect with little loss in definition. The 
contrast in the carbon replica was further improved by placing 
the film at an angle to. the carbon arc in the vacuum chamber in 
order to get a shadowing effect. Any relevant features of 
interest were photographed with the built-in camera of the 
microscope.
2.*f.4. Dimensional Changes of the Specimens...
The composite specimens obtained from the dissolution 
annealing treatment were bisected transversely by cutting 
horizontal to the base so that the iron and the interaction layers 
produced were included in each of the sections. One section was 
then ground down on carborundum paper using water as a coolant 
until the cross section of the iron was perfectly rectangular.
This was a necessary step to avoid any inaccuracies caused by a 
non symmetrical cross section of the iron and alloy layers. It 
was achieved by periodically viewing the specimen under a 
travelling microscope during polishing and comparing the corner 
angles of the iron section with those made by the right angled
5k
cross wires in the eyepiece of the microscope. After polishing 
and etching, the specimen was mounted using plasticine on the 
micrometer adjustable stage which was attached to the microscope# 
Measurements were taken of
(a) the thickness of the iron section
(b) the thickness of the various interne taJLlic layers.
Three independent measurements of the iron thickness 
were taken and their mean calculated. The other composite 
section was meanwhile placed in hydrochloric acid containing an 
inhibitor and the zinc containing portions dissolved away. The 
thickness of the remaining iron section was measured with a 
micrometer, and the average of this measurement and the one 
obtained previously using the microscope was recorded.
Six independent measurements of the thickness of 
each intermetallic layer were taken, three from each interaction 
zone on opposite sides of the iron specimen. Their mean value 
was afterwards calculated and recorded. These thickness 
measurements of the layers were obtained using a magnification 
of X 100. However, in order to achieve a greater accuracy in 
the measurement of the P layer, a magnification of X 500 was 
employed.
During this work it was found that there were 
considerable discrepancies between similar measurements if the
movement of the microscope stage was not perpendicular to the 
section being traversed. The method adopted to overcome this 
factor was to mark a cross on the centre of the micrometer stage 
so that each arm of this cross corresponded to an exact direction 
of movement of the stage. The microscope was then focussed on 
the stage and the crosswires in the eyepiece aligned with those 
of the marked cross. The specimen position was afterwards 
adjusted until the iron layer boundary line coincided with one 
arm of the crosswires. Any movement of the stage was then 
automatically either perpendicular or parallel to the face of 
the iron section,
2,k*5» Microhardness Examination
The apparatus used for the microhardness determinations 
was a converted bench type microscope mounted on a flat vibration 
free surface. The microhardness apparatus fitted to the 
instrument was supplied by Associated Automation. It was 
afterwards found necessary to calibrate the microscope to give 
an exact magnification of X >^00, This was achieved by viewing 
a stage micrometer through the microscope and altering the 
length of the drawtube until corresponding distances between 
hairlines in the vernier eyepiece coincided with similar ones 
on the stage micrometer. The diamond indentor was then 
counterpoised by moving the knurled nut attached to the other 
end of the beam, until slight bench vibrations eaused the neon 
light to flutter.
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Prior to any microhardness measurements the specimens 
were polished and etched lightly. Heavier etching produced 
relatively dark colourations of the phases and made measurements 
of the diamond imprints difficult. The specimens were then 
secured with plasticine to glass slides ensuring that the 
surfaces to be examined were horizontal so that symetrical 
imprints were obtained. It was then placed on the micrometer 
table.
The specimen surface was examined microscopically 
and positioned by means of the verniers attached to the 
micrometer table in order that impressions could be made on a 
preselected area. The diamond indentor was afterwards 
positioned above this area by rotating the plate on the 
microhardness tester and a predetermined load placed on the 
beam. The microhardness tester was then lowered using the coarse 
focussing knob on the microscope until the indentor was just clear 
of the specimen surface. The fine focussing knob was then 
rotated with a slow steady movement until a decreased intensity 
of the neon lamp indicated that the load was being applied.
The load was removed after ten seconds by raising the 
microhardness tester, using initially the fine focussing knob 
and then the coarse one. The plate on the tester was 
afterwards rotated to bring the objective lens directly above 
the imprint. The size of the imprint was measured using the 
micrometer screw mounted in the eyepiece of the microscope.
Table k
Microhardness Values of Armco Iron Using Different Loads
Load in grms. j V.P.N. Units
________________ I_______________
Load in grms V.P.N, Units
100
30
1 1 *+. 8 
1 0 6 , 1  
107.7 
1 1 3 . 6
111.9 
105.6 
1 0 5 . 6  
10*+. 1 
10*1-. 6 
1 0 5 . 6  
110.3
115.9
115.5 
113.1
112.5 
115 
120 
119 
125 
125 
119 
125 
127
50
10
125 
12*+ 
12*+ 
12k
126 
127 
120 
155 
155 
155 
135 
155 
155 
131 
l*+0 
1 3 8  
1 3 8  
l*+3 
155 
l*+0 
155 
153 
151
Two measurements were taken of the imprint diagonals and from 
the mean of these two readings the V.P.N. obtained from a 
conversion chart.
Since hardness measurements can be influenced by the 
loads used for their measurement (see Table Aj. ) preliminary work 
was necessary to establish the optimum loads for the various 
layers.
2 .Af,6 . X-ray Examination 
Introduction
During this work it was found necessary to extract the
intermetallic iron-zinc phases from the interaction zone and
compare their diffraction patterns. It was considered that
these intermetallic layers could be isolated from the interaction
(78)zone using either electrolytic or mechanical means, that is,
(79)drilling, scratching or an ultrasonic jack hammer method.
It was felt that the simplest method would be to loosen powders 
from the layers in the already polished and etched composite 
specimens by scratching them with a hardened steel needle. 
However, this method was found to be very difficult due to the 
small width of the layers, even after considerable times of 
interaction. As a result of this, a method was developed using 
a similar technique which gave good results.
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Preparation of Powders from the Intermetallic Layers
An Armco iron rod, about one and a half inches long 
was hammered tightly into a small 13 inch diameter hole 
previously drilled into the side of an Armco iron specimen.
This specimen was then dissolution annealed as previously 
described,with the rod exposed above the liquid zinc level.
After annealing, the specimen was lifted out of the molten zinc 
bath, using the rod, and cooled in air. The rod was afterwards 
removed from the specimen. The specimen was then mounted with 
its flat faces horizontal in cold setting plastic, and the 
exposed face of the specimen ground down on carborundum paper 
using water as a coolant. Powders were scraped from this 
surface with a razor blade as each phase was exposed in turn.
A continual check of the layer being exposed was carried out by 
etching and microhardness measurements. It was found 
experimentally that this process of grinding was made easier 
when a vertical section of the mounted specimen was polished and 
etched. Thus the position reached by grinding could also be 
checked by reference to the side (see below) :
Grinding and Scraping from this face
Interaction layers. 
IRON.
Polished and 
etched face
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It was found that X-ray diffraction patterns, using this technique 
for the preparation of the powders, did not show any widening of 
lines, indicating that work hardening was negligible.
Powder Method
The powders obtained from the various intermetallic 
layers were sifted through a 2 1 mesh muslin gauze to remove any
large particles. The fine powder was then attached with
secotine to a short piece of fine ‘glass fibre. This fib£e was 
mounted in plasticine within a Unicara X-ray camera (9 cms dia.) 
and its position adjusted until little or no lateral displacement 
could be observed when it was rotated. The camera was afterwards 
loaded with X-ray film and positioned in such a way that Co K©t 
radiation from a continously evacuated X-ray tube was directed 
onto the fibre and a shadow was obtained on the fluorescent window 
of the camera. The tube was operated at k mA and 30 kV using 
,an iron filter, and the exposure time was at least 1 2  hours(Fig 2 5 )• 
Although the diffraction patterns were rather weak, longer 
exposure time did not improve the clarity of the films as the 
background became more dense due to scattered radiation. An 
attempt was made therefore to.shorten this exposure time by using 
a Phillips 5.7%#) camera but very little improvement -was’
observed. Copper Kg^ radiation was also used in the preliminary
experiments but the high scattering of this radiation by iron 
produced completely blackened films.
Back Reflection Technique
The specimens which had been prepared for motallographic 
examination were also used for back reflection studies. Any 
surface work hardening of the specimens removed by strong 
etching.
The specimen was then mounted in a back reflection 
camera so that the surface was normal to the incident X-ray beam 
and efc a distance of 3 cm from the film measured by calipers.
The position of the specimen with respect to the X-ray 
beam was carried out using a technique previously recommended by 
L e w i s A n  ink mark was made on the required place on the 
surface of the specimen. The collimeter of the camera was 
illuminated with a small flashlight and a small light point was 
observed on the reflecting surface of the specimen. The specimen 
was then adjusted until the beam of light passing through the 
collimator illuminated the ink spot. The light was then 
replaced by the X-ray beam, the assumption made in this procedure 
that the X-rays follow the same path as the light beam has been 
substanciated in practice.
The exposures were made at k mA and 30 kV using Co K,* 
radiation and an iron filter.
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2.5* ATOMIC MOVEMENT OF IRON AND ZINC ATOMS THROUGH THE LAYERS
2.6.1. General
From a survey of the literature it is clear that the
experimental techniques used for the elucidation of the mechanism
of the process from the movement of the individual components
(81)
through the intermediate zone can be divided into two groups : ■
either (a) from direct observation of the movement of inert 
markers through the intermediate zone. These
markers are usually radioactive isotopes of one of
the components or thin metallic wires, 
or (b) from indirect measurements of the diffusion
coefficients of the individual components through 
the intermediate layers.
In the present work the use of the inert marker 
technique was preferred since the growth of the layers appeared 
to be rather complex which made the determination of diffusion 
coefficients difficult. It was also more convenient to use thin
molybdenum wires rather than radioactive isotopes.
2.5*2. Solid - Solid Couples
Preliminary experiments were carried out in order to 
determine a satisfactory technique for bonding iron-zinc couples. 
The specimens were initially machined into the form of small flat 
cylinders 8 mm diameter by 2 mm thick. The faces of these 
cylinders were ground down on wet carborundum paper to a fine
6 2 0  grade finish, to provide surfaces for subsequent bonding.
Any abrasive particles adhering to the specimens after grinding 
were removed by etching in dilute hydrochloric acid, washed in 
distilled water followed by acetone and dried in a blast of cold 
air.
Iron-zinc sandwich couples were then compressed in a 
steel clamp in order to bring the two iron-zinc specimens into 
intimate physical contact. The clamp and the diffusion couple 
were placed into a vacuum furnace which was then evacuated to a 
pressure of *+0 microns of mercury, to remove the oxygen, before 
argon gas was admitted at atmospheric pressure. It was found 
on examination of the specimen after annealing that a satisfactory 
bond was established after one and a half hours at 300°C. It 
was found necessary, however, to considerably deform the zinc 
specimen during compression to get a complete bond across the 
whole width of the interface. No constant bonding pressure was 
used since the thickness of the intermetallic layers formed at 
the interface between the couples was virtually constant in all ' 
the experiments.
Further experiments were conducted with a number of 
fine molybdenum wires, 5 0 microns in diameter, laid parallel to 
each other at the interface of the sandwich couple. After 
bonding these couples were sectioned perpendicular to the wires 
and the distance of the wires from the surface of the iron 
section measured on the micrometer stage of a microscope.
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The couples were then individually sealed in small pyrex tubes 
under a partial pressure of Argon gas and annealed for various 
periods of time, 40°C below the melting point of zinc. However, 
it was found after a relatively short time of annealing that these 
couples parted at the interface. The actual time of splitting 
was found to vary but was of the order of 24-48 hours. The 
splitting could not be attributed solely to thermal contraction 
since it apparently occurred in some experiments during annealing. 
The possibility that zinc oxide formation at the interface was 
responsible for this was disproved by annealing the couples in an 
oxygen free atmosphere. This was achieved by sealing off the 
couples together with titanium shavings in evacuated silica tubes 
and heating these shavings to red heat before annealing. 
Experiments were also carried out using pressure on the couples 
during annealing by either casting zinc around them or by using 
the clamp. No positive results were obtained since splitting 
still tended to occur. As a result the experiments on the solid- 
solid diffusion couples were discontinued.
2.5«3» Solid-Liquid Couples
Initially, this part of the work was concerned with 
devising a suitable technique for retaining an inert marker on 
the surface of the iron specimen, in order that any subsequent 
movements of the marker could be observed. The suitability of 
the following four methods wes assessed :-
1 . loose molybdenum markers were placed on top and below 
iron specimens located in alumina crucibles before 
annealing in liquid zinc
2 . loose markers were placed on iron specimens and zinc 
cast around them. These couples were then annealed 
in liquid zinc
3 . iron-zinc sandwich couples with markers were bonded
in the solid state and subsequently annealed in liquid 
zinc
4. markers were spot welded to the iron surface before 
dissolution annealing.
The first three methods were found to be unsuitable 
as no markers were found after interaction and had either floated 
away or been washed off the iron interface when the zinc became 
molten. The fourth method was considered to be quite
satisfactory and is described in greater detail.
Similar cylindrical specimens were used in this work as 
in the normal dissolution annealing studies. One face of the 
specimen was ground down to 6 2 0  grade carborundum paper and 
afterwards etched in nital. Molybdenum wires, 50 microns in 
diameter, were then attached to this surface by spot welding using 
a Slee spot welding machine. When a number of these specimens 
were subsequently sectioned at right angles to the wires and 
examined metallographically, it was found that very little 
distortion or melting of the wires had occurred.
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Conditions were established with regard to pressure, voltage, 
amperage/time of contact and the number of these contact areas 
to give as near a perfect weld as possible along the whole length 
of the wire.
The iron specimens were placed in a Morgan XN 10 
crucible with their faces parrallel to the base and the molybdenum 
wires uppermost. This position was adopted because when the 
specimens were laid on their sides, the wires had the tendency 
to float off easily into the zinc bath after a very short time of 
annealing, thus making control extremely difficult. The iron 
specimens were then covered with a small amount of zinc and the 
whole dissolution annealed in the normal way under an atmosphere 
of Argon gas. Polishing and etching of the couples for 
metallographic examination is described in section 2.4.2.
6?
2.6. STABILITY OF THE g  PHASE
2.6.1. General
From a survey of the literature, it was clear that
some investigators^^’^ ^consider that the true melting point
of the g phase is if9 5 °C and not 530° C as shown by the equilibrium
phase diagram^^ They justify this view by concluding that in
galvanised coatings formed above a temperature of ^9 5 °C no layers
(^ 8 }
of g are found. Horstmann considered that the rate of 
formation of the g phase in the temperature range *f95°C - 5 3 0 °C 
is extremely slow and this accounts for the discrepancy in the 
observed melting points. It has also been considered that the 
instability of the g  phase in the region of its accepted melting 
point is responsible for an increase in the rate of dissolution 
of iron in molten zinc. It was thought desirable therefore to 
establish not only the melting point of the g  phase but also 
its rate of formation in the range -^95°C - 530°C,
2.6.2. Apparatus
The apparatus used for this st^dy was a standard Wild 
Barfield vertical furnace with a rating of 2^0 volts and 800 watts, 
containing a machined cylindrical block into which five holes
diameter by 1,f deep had previously been drilled((Fig 9)» The 
temperature of the furnace was controlled with a chomel/alumel 
thermocouple situated close to the furnace windings and connected 
by compensating cable to a Negretti and Zambra controller in
6 8
Fig, 8
ISOTHERMAL HEAT TREATMENT APPARATUS FOR ALLOYS
sheathed thermocouple
control thermocouple
alumina powder
furnace windings
iron block
silica bricks
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series with a variac. The temperature of the steel block was 
measured using a chromel/alumel stainless steel sheathed 
thermocouple connected to a potentiometer. It was found during 
trial runs that the temperature of the block was similar to that 
in the holes and could be maintained at + 2 °C.
2.6.3* Experimental Technique
The iron-zinc alloy used for this work was in the form 
of small flat cylindrical rods, the analysis of which is shown 
on page Small flat specimens were cut from these rods and
individually sealed undsr an atmosphere of Argon at 150 mm. 
pressure to prevent oxidation during the subsequent experiments.
A series of experiments were then carried out using these 
specimens and summarised in tables 1 5 .
1. Five specimens were located within the recessed hole®
of the iron block, and homogenised by annealing at
5 5 0 °C for sixteen hours to produce the S, and phases. 
The steel block was afterwards cooled to a predetermined 
temperature below 530°C. Each specimen was then held 
isothermally at this temperature for a specific period
of time before being taken from the furnace and quenched
in water. The same procedure was repeated for 
different temperatures below 530°C.
2. The second series of experiments was conducted using a 
similar technique. However, these specimens were
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initially subjected to homogenisation at A5 0 °C for 
sixteen hours to stabilise the and phases.
These specimens were afterwards heated to various 
temperatures below and above 530°C and held isothermally 
for various periods of time before quenching in water.
3. A third series of experiments was then carried out 
using the main dissolution annealing apparatus in 
order to achieve a more accurate temperature control 
over much longer periods of time. The specimens were 
prepared and sealed as previously described and also 
given an initial homogenisation at k^O°C in order to 
standardise the initial structure of each specimen.
Two specimens were then homogenised at 5 5 0 °C for 
2A hours, cooled to A8 0 °C and the structure allowed to 
partially transform as shown in the following 
equation
S ,  +  L  — * §
The exact amount of transformation occurring with time 
at this temperature was predetermined in trial runs. 
When approximately 50% of the 6, phase had transformed 
to the S  phase, the specimens were then heated to a 
temperature between 495°0 - 530°C. One of the 
specimens was then taken frcm the furnace and quenched 
in water, whilst the other was allowed to remain at 
this isothermal temperature for a considerable period 
of time before quenching in water.
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Subsequent examination of the specimens, after mounting 
in cold setting plastic to avoid any further changes in the 
structure, revealed that there was little vaporisation of the 
zinc during the heat treatment* However, it was observed that 
the specimens were slightly inhomogenous which was probably due 
to some segregation of the alloy phases. After heat treatment 
all the specimens were subjected to point counting of the phases 
present. A point counting machine was employed and counts were 
made both longtitudinally and transversely to cover completely 
and evenly the section of the specimen. At least 1000 counts 
were made on each specimen in order to minimise errors due to 
inhomogenous material.
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2*7• EFFECTS OF ELEMENTS ON THE S, TO £  TRANSFORMATION
2.7.1* General
It has been stated that the presence of the “§ layer
in galvanised coatings decreases the interaction rate between
( )
solid iron and liquid zinc. It was therefore considered that 
any alloying element added to zinc which causes an increase in 
the transformation rate of 8 t to $  during galvanising would be a 
beneficial additive in protecting the iron from attack by the 
zinc. It was decided therefore to investigate this 
transformation rate using iron-zinc alloys containing a number 
of alloying elements.
2.7*2 Preparation of the specimens
A series of 3% iron-zinc alloys about 30 grams in 
weight containing 1% by weight of the following elements :
A1 , Cu., Sn, Cd, Sb, were homogenised in evacuated silica tubes 
at 1000°C for kS hours. It was subsequently found that there 
was no attack by zinc on the silica tubes. After annealing, 
the specimens were quenched into water and metallographically 
examined for any segregation of the alloy phases. Quenching was 
necessary to prevent cracking of the tubes and thus oxidation of 
the alloys since, on slower cooling, due to transformations which 
took place in the alloys, an excessive expansion occurred.
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2*7*3* Experimental Technique
Each specimen was cut into six portions, one of which 
was chemically analysed. The other five specimens were sealed 
into pyrex tubes and heat treated as described in section 2 .6'* 
All these specimens so prepared were subjected to point counting 
and the amount of transfo.rmation calculated*
7*f
C H A P T E R  3
R E S U L T S
3.1. EXAMINATION OF THE SPECIMENS
The specimens obtained during the study of the kinetics 
of dissolution were examined using metallographic, microhardness 
and X-ray diffraction techniques.
3.1.1. Iron
The iron specimens which were subjected to dissolution 
annealing were first examined metallographically. In all cases 
it was observed that there was no diffusion of zinc into the iron
and furthermore that there was no intergranular attack or
preferential dissolution of phases from the surface over the 
range of temperature investigated (kkO°C - 560°C). This surface 
of the iron had dissolved uniformly except for very slight
rounding at the corners.
The absence of zinc in the iron was confirmed by a series 
of microhardness measurements on specimens prepared isothermally 
for various periods of time. From the results (Figs 9* 10, 11 
and Tables 6 , 7)* it can be seen that the hardness values of 
the iron varied slightly with time and temperature, but in each 
study it had an approximately constant hardness, the scatter 
encountered being similar to that obtained with Arrnco iron.
If any solid solution was formed due to the diffusion of zinc 
into the iron, an increase in the hardness would be expected, 
which would be more extensive in specimens dissolution annealed 
for longer periods of time. Since this was not the case, it
U S r ?
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was evident that,there “was;no detectable diffusion of zinc into 
the iron lattice.
This was further confirmed from X-ray powder 
diffraction photographs of the iron. The interaction zone 
was removed from the iron by careful filing and powders scraped 
from the surface for the powder diffraction studies. No 
difference in the lattice parameters was observed when these 
were compared with those for pure Armco iron.
3»1.2. Cruciform Patterns
Preliminary macro examination of the composite 
specimens revealed a rather unusual phenomena. The interaction 
layers formed during the dissolution annealing treatment appeared 
to have grown perpendicular to the iron interface and only very 
thin layers were present at the corners of the specimens.
These geometrical shapes have been described as cruciform • 
p a t t e r n s a n d  Figs 12a, b, and c, illustrate the slightly 
differing patterns obtained in temperature ranges k30°C - ^9 5 °C» 
^95°C - 5l8°C, and 5lS°C - 560°C respectively. It is clear that 
these differing patterns coincide with the different rates of 
attack of zinc on iron in these temperature ranges. This rate 
is linear with time between ^9 5 °^ - 5 l8 °C and parabolic with time 
outside this range. Previously these patterns have only been 
observed in the iron-zinc system when the overall rate of iron 
dissolution was linear with time!1 1 *^^In the present work it
TT«r£:.
Fig 12b (xlO) 
Specimen prepared 
1 6 hours at 5 0 0  'C
Fig 12c (x!2) 
Specimen prepared 
17 hours at 553°0
Fig 12a (xlO) 
Specimen prepared 
2k hours at 470°0
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Fig 13 (x3) 
Specimen prepared 
30 hours at 500°C
f >fb vFig 1^4- (zlPO)^ 
Specimen prepared 
8 hours at ^5 7 °^ .
Showing the presence 
of three phases in 
the interaction zone 
in lower parobolic .
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is noticeable that the corner angles of the patterns are acute, 
although they are less defined in those formed above a temperature 
of 5l8°C, However, further experiments have shown that when the 
reaction is allowed to go to completion during a linear rate of 
attack, the resulting corner angles resemble those obtained by 
Scheil and Wurst and are 90°C (Fig 13)•
3*1*3» Interaction Layers
(a) Below k95°C
On closer examination of the interaction zone, it was 
apparent that a moderate rate of attack was associated with thick
adherent intermetallic layers. These layers consisted of three
phases, P , S, * an(* ® (Fig l*f).
The P phase formed a very thin continuous layer 
adjacent to the iron interface, and was coloured bright yellow 
by the etching reagent. Due to its thinness, any further
identification of this layer was made rather difficult.
However, by using a taper section, its hardness was established 
as being approximately 250 V.P.N.
The S,phase formed a very thick continuous layer
- 4 1
sandwiched between the P and layers. This diffusion layer 
was rather unusual since it appeared to be composed of two 
definite and quite uniform parts, which are known as the 6 , 
adherent and S,palisade la.yers. The S, adherent layer appeal's 
under the microscope as an almost structureless phase in both the
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etched an unetched states, but the palisade layer etches rapidly, 
and at high magnifications has the appearance of bamboo rods laid 
parallel to each other (Fig 15 )• Microhardness studies of the 
S, layer (Figs 9-11, and Tables 8 , 7) showed a considerable 
difference between the adherent and palisade areas which could 
result-from, the following possibilities
(a) different isomorphous phases
(b) concentration changes in the layer
(c) the formation of a secondary phase
(d) fissuring of part of the phase.
It was shown by changing the angle of illumination that
the so-called ’fissures' or 'capillaries’ in the 8 ,layer were 
an "optical illusion" and in fact whole portions of the layer 
had been etched away leaving shallow undulations of the surface. 
The use of polarised light did not disclose a second phase.
An electron micrograph of the layer (Fig 16) confirmed the above 
findings, that is, the absence of porosity or a second phase.
Although^ the adherent and palisade areas appear 
different and in fact exhibit a hardness difference of 
approximately 50 V.P.N. there was no definite boundary between them 
and a columnar grain structure extended throughout.
From the powder diffraction patterns shown by the 
adherent and palisade layers it is clear that they have a similar 
lattice (Fig 25)* Surprisingly these photographs show little 
change in the lattice parameters.. However, as the strong
34
Fig 15 (xl,500)
for 8 hourso 
Showing vertical 
section through S, 
palisade layer.
Fig 16 (xS^000)
553°C' for 4 hours.
Vertical section of S.?
palisade layer.
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Fig 17 (x*fOO)
8 hours at if66°C. 
Horizontal section 
through S, 
palisade layer.
Fig 18 (x75) 
hours at 457°C. 
Large growth of jj 
at corners.
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Fig 19 (x250)
17 hours at 
if95°C. Showing 
porous layer.
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diffraction lines were at the low angle end, any differonco 
could also be due to experimental inaccuracy. These results 
imply that there are only small concentration gradients existing 
within the S, phase layer and tended to confirm the microhardness 
studies (Table 8 ). It is interesting to note that the X-ray 
back reflection photographs taken of this lqyer did not indicate 
any preferred orientation.
Specimens dissolution annealed below k95°C also showed 
an adherent layer of the “§ phase around the 6 ,layer. This layer 
was also found to be quite continuous and appeared to have grown 
from a small number of nuclei, which resulted in a columnar 
growth and a tongue like appearance to its outermost edge (Fig l*f). 
It was noticeable that at the corners of the specimens there were 
large porous and sometimes loosed crystals which indicated an 
accentuated attack of molten zinc at these points. Fig 18 shows 
that the original sharp contours of the iron specimen are rounded 
which suggests that a greater attack on the iron had occurred at 
these points. The relative thickness of this phase was found 
to change suddenly in the temperature if-8 0 °C - *+95°C when it 
became essentially more porous than those formed at lower 
temperatures (Fig 19). A microhardness examination did not 
show any difference between la layers formed at 495°C and those 
formed at 4-50°C. No concentration gradients could be detected 
in these layers (Table 9)*
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(b) Between ^95°C - 5 l8 °C
Fig 20 shows a typical specimen dissolution annealed in 
this temperature range. Only the P and S t phases could be seen 
in the interaction zone. This was rather surprising since, 
according to the equilibrium diagram, the 5  phase should have 
been stable up to 530°C. Although isolated crystals of 
were found in the melt, their appearance suggested that they 
had been precipitated on cooling of the zinc to room temperature. 
This was confirmed by increasing the cooling rate from this 
temperature when no trace of the ‘S phase could be found.
It should be noted that only extremely thin layers of 
both the P and 6 *phases were found adhering to the iron base in 
this temperature range (Figs 21, 22). The majority of the 8, 
layer having been periodically stripped away during the course 
of the reaction and dispersed throughout the zinc bath (Fig 23). 
This overall peeling took place in the vicinity of the interface 
between the S, adherent and palisade layers and this appeared to 
be caused by a preferential penetration of zinc in a direction 
horizontal to the iron interface. At high magnifications the 
8 ,layer exhibited no porosity in the palisdde layer. Figs 9-11 
and Tables 7» 8 , show similar hardness values for the S,layer 
as those formed at higher and lower temperatures. X-ray powder 
photographs of the G,adherent layer formed at a temperature of 
3 0 6  C showed no apparent difference to those found in other 
ranges of temperature.
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Fig 20 (xl2G) 
Specimen prepared 
*f hours at 506°C„ 
Showing structure of 
the interaction zone 
in linear range.
% 3
Fig 21 (x500) 
Specimen prepared 
as above. Showing 
presence of the H 
and. S, layers.
. “ t **T'
jgH0 &3 &£to »** / -
/
I*  ^ Fig 22 (xlO ,000)
W -----j j 'j r.’agjBJij jt ’Hr HHHHHI
Specimen prepared 2 hours 
at 501°C* Showing presence 
of the r layer.
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Fig 23 (x. 8 ) 
Specimen prepared 
k hours at 5 0 5 °C* 
Showing peeling 
of the S, palisade 
layer in linear 
range.
Fig 2k (x90)
4 hours at 5 5 3 °C. 
Showing structure 
of interaction 
zone in upper 
parabolic.
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(c) Above 5l8°C
A thorough examination, using the techniques outlined 
previously, showed similar results for the P  and 6 ^layers as 
those found at lower temperatures. From Fig Zh it can be seen 
that only the P  and 6 4 layers were present in the interaction 
zones produced above 5lS°C. Furthermore they were much more 
compact and thicker than those P and 3, layers formed in the 
temperature range -^95°C - 5l8°C, It is noticeable that the 
outermost part of the 6 , layer has been reduced to small crystals 
by the infiltration of the liquid zinc. The P layer is 
observably thicker and less uniform than those found in composite 
specimens at lower temperatures.
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Fig 2$
X-ray Powder Diffraction Photographs
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5.2. KINETIC RESULTS
5.2.1. Introduction
The results obtained for the decrease in the dimensions 
of the iron specimens and the growth of the intermetallic layers 
during dissolution annealing in liquid zinc for various periods 
of time selected temperatures are presented in Tables 10 and 1 1 . 
No results for the growth of the adherent intermetallic layers 
in the temperature range -^95°^ ~ 5 l8 °C have been recorded since 
they remained virtually constant in thickness whilst the remainder 
were completely broken up and dispersed throughout the zinc bath. 
Furthermore, no accurate measurements for the growth of the S, 
layers forming above 5 l8 °C were possible due to the infiltration 
of zinc into its outermost edge„
5.2.2. Dissolution of the Iron
Figs 26 - 28 show isothermal plots of the decrease in 
iron thickness against time. From these graphs it is apparent 
that both below and above the temperature range k-9^ >°C - 5 l8 °C, 
the rate of attack by the zinc decreases with time at each 
temperature investigated. Within this range of temperature the 
rate of dissolution is much greater and follows linear interaction 
laws. Although the extrapolated lines for these results do not 
pass through zero, this can be explained by-the fact that the 
total time of interaction was naturally longer than the effective 
time of annealing.
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Decrease in the thickness of iron with time in the lower
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Decrease in the thickness of iron with time in the linear
range
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Decrease in the thickness of iron with time in the upper
parabolic range
260
560 C
220- 553 C
531 c
180
23 C
1 0 0
6 H  1 682 1 0 1 2 18
Time in hrs.
Th
ic
kn
es
s 
in 
mi
cr
on
s
Fig. 29
Increase in thickness of the r layer with time in the5.0
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Increase in thickness of the S, layer with time in the
lower parabolic range
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Increase in thickness of the S layer with time in the
lower parabolic range140
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Increase in thickness of the total alloy layers
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It should also be noted that errors which are the 
result of the time taken for heating to the ambient temperature 
and cooling to room temperature were constant for each isothermal 
series.
3.2.3* Growth of the Interaction Layers
It is clear from the experimental results (Figs 29-33) 
showing plots of the thickness of the layers against time, that 
the growth of all the intermetallic layers decreases with time at 
each isothermal temperature.
It can be seen from these results that the f1 layers 
are extremely thin and their rate of growth below a temperature 
of appears to be independent of temperature within the
accuracy of measurement. However, it should be noted that above 
323°C, its rate of growth becomes dependent upon time and 
temperature.
The S, layer which comprises the bulk of the interaction 
zone, appears to have a higher rate of growth, when isothermal 
rates are plotted against time, than either the 5  or P  layers.
The results for the growth of the S, adherent 
and palisade layers indicates that the growth rate of the S, 
palisade layer is higher than the adherent layer, which is 
independent of temperature below A95°C* Above a temperature of 
5l8°C, the reverse is true.
It is rather surprising to find that the rate of growth 
of the 5  layer decreases with increasing temperature from
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if3 0 °C - *f8 0 °C and then suddenly increases just before disappearing 
from the interaction zone above ^9 5 °^, even though it should be 
stable up to 530°C (Fig 32).
It should be noted that the results for the temperature 
of 5 l8 °C were not included since these specimens appeared to have 
been interacting in two ranges of temperature, 'that is, linear 
and upper parabolic, resulting in the surfaces being attacked 
to different degrees.
3 *2 . k. Quantative Treatment of Results
In order to assess the relative laws governing the 
rates of growth of the layers and the dissolution of the iron, 
the ^experimental data was replotted on logarithmic co-ordinates. 
Figs - 37 show typical plots. From these graphs it is clear 
that the rates of growth can be expressed by the empirical 
equation :~
y = kt
where y = thickness at t time 
and k and n are constants.
Taking logarithms we have
log y = log k +nlog t
which is the equation of a straight line.
The value of the constant n can thus be obtained from
the slope of the lines and the rate constant k from the intercept
with the time axis at zero. The numerical values of these constants 
obtained graphically are shown in Tables 12 and 13»
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It is clear, from these tables, that the rate constants 
k have been calculated in centimeters per second although plotted 
graphically as microns against time* These results for the rate 
of iron dissolution represent dissolution rates for two faces 
parallel to one another. In calculating the rates, half the 
values were taken and shown in Table 13»
The rate constant k can be related to temperature by 
the Arrhenius equation
“iL
k = A.e RT
where A = proportionality constant 
k = velocity of the process 
Q, = energy of activation 
R = gas constant 
T = absolute temperature
which can also be expressed as
-jL
log^k = log^A RT
which is theCquation of a straight line.
I
If log k is plotted against T the slope of the curve
-a
gives R and thus the activation energy of the process can be
calculated. The activation energy and the proportionality
constants were obtained from the results for the layers and the
I
dissolution of the iron by plotting log^^k against T
-a
Since slope = R thus -Q, = slope x R x 2*302
and A = intercept on the log^ k 
axis at zero time.
The results were calculated and shown in Table 5*
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Table 5
The Values of (a) the Activation Energies Q, andKb) 
the Proportionality Constants A, 
of the Iron and the Intermetallic Layers.
( a ) ______________________________________________ ___
Lower parabolic Q, Upper parabolic Q
Iron 12.39 * 2 . 0  k cal. 1 1 . 2 5  - 2 . 0  k cal.
Gamma P A-6 . 6 8  t 2 k cal.
Delta £, 1 5 . 1 3  - 2 . 0  k cal.
Zeta* *£> (1 ) ~ 30.17 - 2 k cal.
Zeta* S (2) 1^6.3 - 2 k cal.
■ - -- -..- .. -.... - •......
(b)
Lower parabolic A Upper parabolic A
Iron 1 . 2 8 8  x 1 0 ~ 2 8 . 5 1 1  x 1 0 “ 5
Gamma P
c
5.M+1 X  10
Delta 5 . 5 5 9  x 1 0^ _ 1
Zeta* 5  (l) 5 .7 5 1*- x 1 0 “ 1 5
Zeta* 5 (2)
1__ _
9.956 x 103 6
* The 5  layer gave two slopes,
(1) Temperatures between Mf9°C - k80°C.
(2) Temperatures between if80°C - 4-95°0.
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5*3* THE m o v e m e n t o f i r o n a n d z i n c a t o m s t h r o u g h th e
INTERACTION ZONE
3»3»I» Solid-jSolid Cpuples
It was found using the experimental technique outlined 
previously that a satisfactory physical bond was quickly 
established between the iron-zinc specimens. Fig kj> shows that 
after only one and a half hours annealing at 3 0 0 °C all the layers 
that are normally found in galvanised coatings are present.
It is interesting to observe that the thickness of the ^  layer 
is much greater than either the P or S, layers.
Figs kk and k$ show typical photomicrographs which 
illustrate the effect of time and temperature on the movement 
of molybdenum markers. Fig Mf shows the original position of 
the wire together with the iron-zinc diffusion zone. It can be 
seen that the alloy layers do not exist close to the marker, 
although they are fairly constant in thickness over the remainder 
of the interface. This was probably due to the fact that the 
marker wire partially decreased the pressure of bonding between 
the iron and zinc in these areas. After 2k hours annealing 
(Fig k$) it can be seen that the marker is no longer in contact 
with the iron interface, but has moved instead to the diffusion 
zone-zinc interface. The diffusion layers have penetrated below 
the marker and increased in thickness.
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Although there appears to be two phases in the diffusion 
band (Fig 4-6), microhardness studies and metallographic results 
suggest that only the 6*layer is present. The S, adherent layer 
appears to be of the same thickness throughout, even directly 
underneath the marker, which is difficult to explain. In all 
the solid-solid diffusion studies it was observed that the iron 
interface was attacked unevenly although there was no intergranular 
penetration of zinc into iron.
An attempt was made in this work to obtain sufficient 
diffusion data to calculate the coefficients of diffusion of iron 
and zinc atoms and their energies of activations. Unfortunately, 
after a relatively short time of annealing, dependent upon the 
temperature being investigated, that is, 4-8 hours at 3 8 5 °C, the 
zinc parted from the couple at the diffusion layer interface and 
no reliable results could be obtained.
Subsequently many experiments were carried out in order 
to determine the cause of this splitting. The possibility that 
zinc oxide formation at the diffusion layer-zinc interface was 
responsible for this effect was disproved by repeating the 
experiment in an oxygen free atmosphere using a titanium getter. 
Further work showed that this cracking was nob due solely to 
differential thermal contraction on cooling, since in many 
experiments the zinc had already parted from the intermetallic 
layers at the temperature of annealing. This was observed
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Fig 43 (x5QO)
1-Sr hours at 300°C. 
Showing presence 
of three layers in 
the interaction 
zone.
Fig 44 (x200)
1-g hours at 300°C, 
Original position 
of the marker.
iPi
Fig 43 (x230)
24 hours at 3S0°C. 
Final position of 
the marker.
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Fig k6 (x^OO )
?> hours at 3 ^0 °C„ Showing 
the presence of the S, 
layer.
• .
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however, that in all the experiments part of the intermetallic 
layers appeared to have extruded at the interface of the iron- 
zinc couple. It was considered therefore that the stresses 
caused by these growing intermetallic layers and/or porosity, 
due perhaps to a Kirkendall effect, was responsible for the 
splitting.
5»3»2. Solid-Liquid Interaction Couples
Figs ^7-51 show the movement of molybdenum markers with 
time during the interaction of solid iron with liquid zinc at 
V?0 °C. In Fig k-7 the wire was still firmly attached to the iron 
surface even after 2 hours. On either side of the markers the 
intermetallic layers P  » S, an(^  ^  which are normally associated 
with galvanised coatings, were present. It is interesting to 
note that afrcwe the marker the outermost S crystals have a fanlike 
appearance. On closer examination of the area around the marker, 
the P layer is seen to have started to penetrate at the iron- 
molybdenum interface, causing the marker to lift away from the 
iron surface (Fig A8 ).
After 3 hours (Fig A9) the molybdenum wire had moved a 
considerable distance from its original position and two layers 
P and S, appeared underneath the marker.- Fig 5 0 shows that 
the S, palisade layer appears to grow in a direction perpendicular 
to the surface of the molybdenum wire and forms a tight band 
around it, thus preventing any penetration by liquid zinc.
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After dissolution annealing had been carried out for 
hours at V7 0 °C, the marker had moved completely to the top of 
the intermetallic layers (Fig 51)* Further dissolution annealing 
caused the marker to move away from the alloy layers and float off 
into the molten zinc. Fig 51 also shows that the fanlike 
appearance of the S  crystals are considerably reduced at this 
stage in the process.
From the photomicrographs it can be seen that the parts 
of the wire which were exposed to the liquid sine were attacked
thus showing that molybdenum has not a good a resistance to
' ,(50,82-85)liquid zinc as previously supposed. 1
Previous experimental results confirm this marker 
movement away from the iron interface. It has been observed at 
all temperatures investigated during dissolution annealing, that 
slag inclusions in the iron were broken up during the interaction 
and moved gradually through the layers to the zinc boundary. Fig 52 
shows a rather large inclusion which illustrates this point. It 
is interesting to observe that the P layer does not form above 
the marker and this suggests that the zinc diffuses much faster 
than the iron causing the growth of the P layer to occur on the 
iron interface.
Ill
Solid Iron - Liquid Zinc Couples
Fig if7 (x!20)
2 hours at A-70°C. 
Marker still 
attached to iron 
surface.
Fig *f8 (x^ -t-OP)
2 hours at k70°C. 
P layer starting 
to penetrate 
below the marker.
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Fig 4 9 (x!20)
3 hours at A-70°C. 
Marker has moved
away from iron
interface.
» .
F i g  3 0  ( x k O O )
3 hours at ;470°Cc 
Growth of P and 
S, layers 
underneath the 
marker.
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Fig 52 (x500) 
Showing break up 
and movement of 
inclusions through 
the interaction 
zone
Fig 51 (x!2Q) 
k hours at k70°C. 
Showing marker in 
final position. 
Note attack of 
zinc on molybdenum 
marker
3»*f. PROTECTIVE PROPERTIES OF THE LAYERS
Introduction
A literature survey has shown that there is a great
deal of controversy regarding the individual function of the
various iron-zinc intermetallic layers with respect to the 
overall kinetics of the dissolution process. It was therefore 
decided to investigate systematically the protective properties 
of the three intermetallic layers P , and § , when exposed
to the attack by molten zinc in the temperature range where 
normally the rate of attack is linear with time. Individual 
layers could be exposed to the liquid zinc by forming coatings 
on iron specimens followed by machining or chemically stripping
of each layer to expose the required phase. It was found,
however, extremely difficult to remove these layers by either 
means. An alternative method of preparation is by heat 
treatment, i.e., annealing the iron in molten zinc below ^9 5 °C, 
above 530°C and above 6 6 8 °C, so that the layer in contact with 
the zinc would be 5  * 6 ,» or P respectively. Unfortunately 
no thick adherent layer of the P phase was formed by annealing 
specimens above 6 6 8 °C and therefore the results were limited to 
the influence of the S, and § layers. It was also decided to 
determine if layers formed below *f9 5 °C had any effect on the 
subsequent kinetics of growth of the alloy layers when further 
dissolution annealed above 520°C and vice versa.
115
The growth of the internetallic layers when subjected 
to these conditions of heat treatment are shown in Table 1A.
3. ^-.2. Results
1. Specimens Annealed at k57°C and Raised to 5^2°C
Specimens prepared initially at *f57°C and subsequently
raised to 5 ^2 °C showed the normal intermetallic layers associated 
with this higher temperature. The original outermost S  layer 
having been converted to isolated crystals of the S tphase.
2 . Specimens Annealed at 5^2°C and Lowered to k57°C
Specimens annealed at 5 ^2 °C and then cooled to 4-57°C
showed the peritectic reaction :-
S, +  L  S
to have occurred and converted the floating layer of the Qf phase 
into rather large crystals of the phase. It is worth noting, 
however, that there was a continuous envelope of the 4  layer 
surrounding the S layer (Fig 5 3 ) •
The thicknesses of each of the layers formed after 
double dissolution annealing illustrate that the overall kinetics 
had not been changed appreciably.
3. Specimens Annealed at (a) ^57°C and (b) 5^2°C 
Followed by Annealing at 506°C
(a) Specimens raised from ^57°C to a temperature of
r°506 C and annealed for various periods of time showed an unusual
phenomenon in which the initially formed outermost layer of 
appeared to have nearly disappeared after one hour at this higher 
temperature since only isolated particles remained (Fig 5^)* 
Metallographic investigations showed that the 6, layer was slightly 
thicker when the 4  layer was still present, which indicated that 
the thickness of the S, layer is dependent on the presence of the 
4  layer. However, further annealing at 506°C caused the palisade 
layer to lift away from the attached adherent layer. . This 
proceeded from the corners extending inwards along the faces of 
the specimens with increasing time of annealing (Fig 55)* It 
appears that the palisade layer is preferentially penetrated 
by the zinc in a horizontal direction which ultimately causes 
disintegration of this phase into small crystals (Fig 59)* Once 
the relatively thick layer of 6, has been broken up a rapid attack 
by the molten zinc occurred and thenesulting structures were 
similar to those obtained during a linear rate of attack of zinc 
on iron. At the centre of the faces, the P and S tlayers 
continued to grow and the rate of attack followed a parabolic law 
with time. After six hours annealing £ 506°C it can be seen 
clearly (Fig 5 6 ) that two different modes of dissolution of the 
iron are accurring simultaneously on the same faces of the 
specimen at the same temperature. However, no further 
significant change in this pattern was detected after 13 hours 
annealing at this higher temperature (Fig 57)•
3 »■*
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Fig ^  (x!50)
A- hours at if5 7 °C 
then 1 hour at 
5 0 6 °C. Showing 
isolated areas 
of-S remaining,
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Fig 53 _(x90)
^ hours at 5 ^2 °C, 
then cooled to 
if57°C and 
annealed if hours. 
Unusual growth 
of the ■§ layer.
Fig (xif5)
if hours at if5 7 °C 
then 3 hours at
5 0 6 °C. Showing
breakup of the
S, layer
proceeding from
corners.
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Fig 56 (xlO) 
k hours at 457°C, 
then 6 hours at 
506°C.
Fig 57 (x6) 
k hours at ;4-57°Cf 
then 17 hours at 
506°C. Showing two 
rates of attack on 
the same specimen.
■ ■ '-xljMPj
Fig 38 (x8)
*+ hours at 5^2°C y 
then 3 hours at
506°C Showing: 
limited increased 
attack at corners,
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Fig 99 (x;-i-00)
2 hours at 5^2°C 
then 3 hours at 
306°C„ Shoeing 
breakup of £, layer 
due to penetration 
by liquid zinc.
Fig 60 (x30) 
k hours at 5'!-2°C 
then 13 hours at 
506°i3. ^Showing 
increased attack 
at corners.
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(b) Initially, it was observed that specimens 
previously annealed at 5^2°C in liquid zinc did not exhibit this 
increased attack at the corners to the same degree as specimens 
prepared at k37°G (Figs 5 8 and 60). It was at first thought 
that either the higher concentration of iron in the zinc or the 
different nature of the palisade layer was responsible for this 
reduced attack when the specimens were subjected to molten zinc 
at 506°C. Subsequently, it was shown by comparing specimens of 
similar alloy layer thicknesses, that the time of breaking up of 
these layers by liquid zinc was due entirely to the greater 
thickness of the S,phase formed at 5^2°C compared with those 
formed at A-57°C.
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3*5* THE TEMPERATURE RANGE OF STABILITY OF THE PHASB
5.5*1* Introduction
The Jesuits of the investigation into the stability 
of the 5 phase with temperature are summarised in Table 15*
In all the experimental work a metallographic technique wqs found 
to be quite adequate for the identification of the various 
phases.
During the preliminary experiments it was rather 
surprising to find that the iron-zinc alloy annealed at 5 ^5 °C 
and slowly cooled to various temperatures between 530°C - 502°C, 
before quenching, did not show any evidence for the existence of 
the peritectic reaction
£, + l — * ■§
The S phase was only found in specimens cooled to a temperature 
of 502°C and lower. These results indicated that either 
(a) the peritectic reaction was sluggish in the 
temperature range 502°C - 530°C 
or (b) the peritectic horizontal lay between the temperatures 
502°C - 530°C.
In view of these uncertainties, a more detailed 
examination, using a more quantitative approach to the reaction 
kinetics, was carried out.
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3«5*2. Results
A. (1% Annealed for 1 6  hours at 5^ -5°C and Quenched
•iSr
Examination of the structure revealed the presence 
of the £, and yj phases. The S, phase was easily disceraable 
because*'of its characteristic hexagonal shape (Fig 6 l). There 
was a certain amount of porosity associated with the phase ttj 
presumably due to shrinkage cavities. It was also observed 
that the quenching stresses caused the fragmentation of the 
brittle S, phase near to the edge of the specimens (Fig 62).
A.(2). Annealed for 16 Hours at and Cooled to 5>25°C
This series of specimens showed structures which 
contained only the E> and T\ phases, even after hours annealing 
at 5 2 5 °C. The sharp contours of the S4crystals were maintained 
throughout.
A.(3). Annealed for 16 Hours at 5^3°C and Cooled to 301°C 
After one hour annealing at this lower temperature, 
small isolated crystals of the 5 phase were seen associated with 
the £, and ^  phases (Fig 6 3 ). Generally the S  crystals were 
observed to have grown from the melt, although some were found 
in close proximity with the &, crystals. It must be made clear 
that there were only a very few of these angular crystals.
On continued annealing at this temperature, the angular shape of 
the S  phase gradually disappeared becoming more rounded in
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appearance which suggested that they were feking up a shape of 
lower free energy, that is, they were dissolving (Fig 6 f^). It 
was found that after nine hours, these crystals of had fully 
dissolved and did not reappear on further annealing.
A. (4-). Annealed for 16 Hours at 5^5°C and Cooled to A-75°C 
Fig 6 5  shows that after only one hour at this lower 
temperature, over 5 0 % of the originalS, phase had been converted 
to crystals of the S  phase. The crystals appeared to have 
been nucleated from the liquid rather than from the S,phase as 
would normally be expected in a reaction of this sort. Once 
nucleation had occurred, the growth of the *§ crystals took place 
in an angular fashion, avoiding contact with 6,crystals (Fig 66). 
Areas can be observed, however, where the S ,phase has been 
completely enclosed by the growing *§ phase. This preferential 
nucleation of the HU from the melt occurred with the simultaneous 
decomposition of the S, phase whose sharp hexagonal crystal form 
was slowly destroyed until it assumed a spherical shape. After 
two hours the transformation was nearly complete and only isolated 
particles of the £>, crystals remained together with a little B, 
within the larger areas of the 1> phase (Fig 6 7 ). With longer 
times of annealing the 5 appeared to form smaller and less well 
defined shapes.
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B. (l). Annealed for 16 Hours at kk^°C and Raised to 505°C 
A specimen quenched from a temperature of kk5°C 
exhibited a structure which contained only the "§ a n d ^  phases 
(Fig 68). The crystals of'§ were small and rectangular and 
distributed evenly throughout the specimen. Less porosity was 
observed in these specimens than those quenched from a higher 
temperature. After 2k hours annealing at 505°C, no trace of 
the 6 , phase was found. During annealing at this higher
O n
temperature of 5 0 5  0, the 5 crystals appeared to be dissolving 
and reprecipitating on the larger crystals.
B. (2). Annealed for 16 Hours at kk'y0 0 and Raised to 525°C
Coagulation of the £ phase was seen to occur at 525°C
giving rise to a rather uneven structure of large and small S 
crystals. After 12 hours annealing, a few small crystals of the 
Sj phase were observed in the melt. These crystals appeared to 
have nucleated from the melt in a similar fashion to those 
of the £ phase outlined previously. These 6 , crystals persisted 
with longer times of annealing.
B. (5)« Annealed for 16 Hours at ^-55°C and Raised to 535°C
After only half an hour at the temperature of 535°C» a
few crystals of the 6f phase were clearly present in the structure. 
The Stphase again appeared to have precipitated from the melt. 
Longer times of annealing did not produce more S* crystals but 
the ones already present became much larger. Figs 6 9  and 70
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show how this growth occurs. It is worth noting that after 
2k hours there was still a great amount of the phase in the 
specimens indicating that even at this temperature, the peritectic
reaction is still very slow.
\ ' x
■
Experiments were then carried out in which "S and 
alloys were annealed for very long periods of time in the 
temperature range 500°C - 530°C. No significant difference in 
the results to those outlined previously were obtained. It was 
clear from this section of the work that not only was the 
peritectic reaction
8 , +  L
in the range 500°C - 530°C extremely slow, but the speed at which 
it appeared to occur was to some extent dependent on the original 
state of the alloys, that is, whether S. + v, or 5  +  were 
present. It was felt that the difficulty of nucleation of these 
phases might have been responsible for the extreme slowness of 
the peritectic reaction in this temperature range and consequently 
specimens containing three phases S t , *§ and ■n were annealed 
in this temperature range, the results of which are summarised 
in Table 15* From these results it would appear that the 
melting point of the §  phase is at least 15°C lower than the 
accepted v/CLue of 530°C.
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Fig 6 l (x!2 0 )
1.6 hours at 5^-5°C 
and quenched. 
Showing hexagonal 
crystals of S, 
phase.
Fig 62 (x!20)
16 hours at 5;-!-5°C 
and quenched, 
causing cracking 
of brittle 
crystals.
Fig 63 (x250)
16 hours at 5^5°C, 
then 1 hour at 
502°C„ Showing 
precipitation of 
’S crystals from 
melt.
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1 6  hours at 
5^5°C then k 
hours at 502°C 
15 crystals 
becoming more 
rounded.
Fig 6 6 (x!20)
1 6 hours at 
then 1 
hour at *f7 5 °C. 
Showing angular 
shape of the 
crystals
Fig 6k (x250)
Fig 6 5  (x!20)
1 6  hours at 
then 1 hour at
7^5°C. S,+L-)1
transformation
proceeding
quickly.
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Fig 67 (x!20)
16 hours at 5^5°C 
then 2 hours at 
V?5°C. Showing 
transformation 
nearly complete.
Fig 68 (xl2.0) 
16 hours at 
then quenched. 
Only "S and ^  
phases present.
Fig,,,,6 9 (x!20)
16 hours at 455°C, 
then -y hour at 
53.5°C. Showing 
presence of three 
phases *§ , a n d ^
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Fig 7 0  (x50)
1 6  hours at k55°£\then 2 hours 
at 535°C* Showing large S* 
crystal together with £ and ^  
phases.
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3.6. EFFECTS OF ALLOYING ELEMENTS ON THE TO S  TRANSFORMATION 
During the investigation on the effect of alloying 
elements on the kinetics of the transformation
S, + l — * S
using a point counting method, no account was taken of the 
different volumes of the two phases nor of the effect that added 
elements have on these volumes. The results presented in 
Table 16 and represented graphically in Fig 7 are therefore only 
qualitative although they do give an indication of a more 
quantitative approach. Extrapolation of the plotted lines
does not pass through zero, but this is to be expected since the 
alloys were cooled relatively slowly from the homogenising 
temperature to the transformation temperature of 480°C.
From Fig 71 it can be seen that after only one hour at 
-^8 0 °C, the % transformation was similar for all the alloys. 
However, it is quite clear that the reaction
8 , +  L. — * f
then proceeds extremely quickly especially in the pure iron-zinc 
alloy, being almost complete after three hours. Further 
additions of alloying elements only served to decrease this rate, 
the magnitude being dependent on the actual alloying element.
Fig 71 shows clearly that antimony has the least effect on this 
rate whilst copper almost completely inhibits the transformation. 
It is rather interesting to note that aluminium which is a
%
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U eJ R
100
♦ Antimony
Zinc/Iron
> Tin
♦ Cadmium
80-
Showing % 8, to S transformation
with time in 3% iron/zinc 
o
alloys at 4-30 C , and the 
effect of added elements on
this rate
Aluminium
Copper
— A
T 1T*
Time in hrs
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Fig 72 (x!20) 
Annealed 16 hours 
at 550°C, then 
3 hours at zf8 0 °C« 
Fe/Zn/Sn alloy.
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Fig 73 (x!20) 
Annealed 16 hours 
at 550°C, then 3 
hours at A80°C. 
Fe/Zn/Od alloy.
-; /-N\Vv^ <:. 1 1
I g X  ffi
Fig 74 (x!20) 
Annealed 16 hours 
at 5 5 0 °C, then 
3 hours at if80°C. 
Fe/Zn/Sb alloy.
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commercial additive to galvanising baths also inhibits the G, 
to S transformation although to a much lesser degree than the 
copper. Furthermore, this inhibition appears to occur after a 
certain proportion of transformation has already taken place, 
since the amount of transformation was virtually constant with 
time at the transformation temperature.
Metallographic examination of the specimens did not 
reveal any phenomena to account for the inhibiting action of 
either the aluminium or copper. Figs 72-7^ illustrate some of 
the ternary structures produced by the alloying elements. It 
can be seen that the transformation characteristics are not 
altered by these elements. As in pure iron-zinc alloys, the 
S  phase was preferentially nucleated from the melt rather than 
from the Sj crystals. Further growth of the S occurred with 
the simultaneous decomposition of the 6 , into the liquid, and 
the growing §  crystals avoid contact with the G, crystals as 
far as possible. Where this was unavoidable, the 6 , was 
enveloped by the 5  and further transformation occurred by the 
normal diffusion process associated with a peritectic reaction.
13k
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*f.l. STRUCTURE OF THE INTERACTION ZONE
*f.l.l. •Introduction
The review of literature has shown that the reactions 
occurring between solid iron and liquid zinc with time in the 
temperature range khO°C - 560°C have been the subject of numerous 
studies. However, there still appears to be a great deal of 
controversy with regard to
(a) the nature and properties of the intermetallic layers 
which constitute the interaction zone
(b) the temperature range of stability of the P and S' 
alloy layers between MfO°C - 560°C.
This work has therefore been designed in order that a 
comprehensive study of these aspects could be undertaken. The 
results have shown that during the interaction of solid iron 
with liquid zinc, the structure of the resulting interaction zone 
is primarily dependent on the temperature of formation. Between 
kl+0°C - 560°C there are three temperature ranges in which the 
resulting interaction zone is basically different. These ranges 
are known as :-
1. Lower Parabolic : In this temperature range, which
was found in the present work to extend from kkO°C -
^9 5 °C, the interaction zone consists of three uniform
layers P  , S, and "S , which are quite adherent with
the iron base.
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2. Linear : This temperature range extends from 495°^ - 
5 l8 °C. Only relatively thin adherent P  and 8 , layers 
were observed after interaction on the iron surface.
The majority of the 6 , layer was broken up and 
distributed throughout the zinc,
3. Upper Parabolic : This temperature range extends from 
3 l8 °C - 560°C and only the P and S, layers were 
observed in the interaction zone, although tfiey were 
much thicker than those found in the linear region.
The outermost region of the S, layers consisted of a 
band of small crystals interspersed with zinc.
4.1.2. Nature of the Individual Layers
Gamma P : These thin P layers were found to be present at
all the temperatures investigated, immediately adjacent to the
. . .  M . . (11,38,47,48).iron interface. Many previous investigators ’ 1 ’ have
claimed, however, that these P layers are not present in
galvanised coatings formed in the vicinity of 500°C. It is
quite possible that the differing techniques and materials which
were used by these investigators may have upset the equilibrium
balance necessary for the formation of this phase. It is
obviously more likely that the presence of the P layers'were
not detected because of their much reduced thickness in the
linear temperature range. The brittle nature of this phase
would account for the poor adherence and cracking along the iron
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interface exhibited by all the specimens after metallographic 
preparation.
Delta : The present investigations on the 8 , layers 
forming in all three ranges of temperature gave a number of 
interesting results, some of which conflict with those of previous 
investigators such as :-
(a) Microhardness and X-ray powder diffraction studies 
failed to show conclusively any large inherent 
concentration gradients in the £, adherent or S, palisade 
layers*
The so-called capillaries or porosity in the palisade 
layer has been shown to be due solely to preferential 
etching.
The S, layers have a marked columnar structure, althoi^h 
X-ray back reflection studies failed to confirm any 
preferred orientation.
All the different techniques used during the 
investigations confirmed that the S, layers formed at 
different temperatures have similar structures and 
properties.
This work has confirmed many previous observations that 
the 8 , layer is composed of two parts, that is, adherent 
and palisade.
( 1 Q  ^
However, the explanation by Bablik et al, ’ that 
the appearance of the palisade layer is caused by large
(b)
(c)
(d)
(e)
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concentration gradients and the strongly anisotropic growth of the 
layer, would appear from the above results to be incorrect.
He stated that the increase in volume of the o, layer experienced 
under these conditions caused fissuring and porosity, which 
manifested itself in the unusual appearance of the palisade layer. 
However, it is clear Jrom the present work that
1 . there is a uniform transition from the adherent to the 
palisade layers
2 . there is a substancial difference in hardness between 
these layers.
These facts are inconsistent with the view that the 
palisade layer is a resultant of recrystallisation or an etching 
phenomenon. It can be argued that the palisade layer probably 
contains more zinc than the adherent layer and therefore it would 
be expected to etch more strongly. However, this etching would 
not be espected to cause the observed sharp drop in hardness 
between these areas. Furthermore if recrystsrilisation ,
responsible for the appearance of the palisade layer, it is to 
be expected that there would be a more gradual transition from one 
area to the other than that observed.
It is more likely that this sudden drop in hardness of 
approximately 5 0 V.P.N. between the 6, adherent and St palisade 
layers is due to the relief of internal stress, since it has been 
shown that these layers are formed under considerable stress 
(*+.1.3*). This relief of stress probably occurs when the growing
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8 , layers crack at the corners of the composite specimens during
the formation of cruciform patterns. It is also probable that
these stresses in the 8 , layers are sufficient to cause slip or
twin deformation, which gives rise to the observed striations
in the 8 , palisade layer after etching. This weakening of these
brittle layers through slip deformation might also account for the
ease of infiltration and breaking up of these palisade layers
when ocposed to liquid zinc at higher temperatures.
(33)It has also been stated by Bablik et al that the 
porosity in the palisade layer could be caused by the preferential 
movement of zinc atoms through the interaction zone giving rise 
to a Kirkendall effect. Although it has been shown in the 
present work that the zinc diffused preferentially through the 
layers, no porosity was found in the b, layer even on prolonged 
dissolution annealing.
Zeta § : This work has confirmed a number of previous
results, namely that continuous layers of the 5  phase are not 
present in the interaction zone of specimens dissolution annealed 
in liquid zinc above a temperature of 495°C. Although isolated 
crystals of S were found in the melt of specimens dissolution 
annealed above -^9 5 °C, their appearance suggested that they had 
precipitated from the zinc on cooling. This was confirmed by 
the absrence of £ in specimens cooled rapidly from above a 
temperature of k9^°C.
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The disappearance of visible layers of 'S from the 
interaction zone could be due to the following
(a) non equilibrium conditions. This 'could be caused by 
either impurities in the reacting materials lowering the 
melting point of 'S , or by the kinetics of its growth 
being upset by the growth of the other phases in the 
interaction zone
(b) the melting point of % being lower than that shown in 
the equilibrium phase diagram.
During the present work on the transformation of 3% 
iron-zinc alloys, it has been shown that in the temperature range 
if9 5 °C - 5 3 3 °C the 6 , and "S phases can coexist in liquid zinc over 
very long periods of time. The extreme slowness of the peritectic 
reaction
S, +• L r = * . S
in this temperature range confirms previous work. However, it 
would also appear that the true melting point of theSphase is 
lower than that shown by the equilibrium phase diagram. It 
would seem that the true melting point of this phase is in the 
region of 510°C. This temperature is approximately the same as 
that at which the kinetics of interaction reaches a maximum in the 
linear range. However, it is still not clear why this "§ 
phase should disappear from the interaction zone above a temperature 
of 495°C.
i*a
It is also interesting to note that the S .layers during 
dissolution annealing, become apparently much thicker between the 
temperatures if8 0 °C - *f95°C. This may be caused by the nature of 
the layer changing in the vicinity of its melting point thus 
allowing a much faster zinc diffusion rate, so that the rate of 
the reaction
8 , +  Z-n S
is also increased*
4-.1.3 . Cruciform Patterns
Many i n v e s t i g a t o r s ^ ’*^^have previously observed
that during the oxidation of such metals as titanium, tantalum
uranium,zirconium, lead and tungsten, the resulting diffusion zone
had a characteristic geometrical shape* These shapes were termed
cruciform patterns during the discussion of similar effects
observed in the interaction of solid titanium with liquid
(1+9)aluminium and solid iron with liquid zinc.
It was considered that in this discussion it would be 
of interest to compare the results of the present work with those 
obtained previously, and to examine whether the previous theories 
of cruciform pattern formation could be equally'well applied to 
those found in the present work*
Previously it had been found that
(a) the corner angles exhibited by these patterns were
always acute. It is interesting to note, however, that
Ik?
(11)Scheil et Wurst found these corners to be right 
angles in the solid iron-liquid zinc system.
(b) normally these patterns were associated with linear
91)interaction rates. Mackowiak also pointed out 
during a comparison of the patterns formed in the solid- 
liquid, titanium-aluminium and iron-zinc couples, that 
the interaction layers were porous so that a continuous 
formation of the phases resulted in a linear interaction 
rate.
In the present work it was found that some of these 
points were equally applicable. However, it has also been found 
that these cruciform patterns did not only occur when the rate of 
interaction was linear with time, but also when the overall 
reaction rates were parabolic with time. Furthermore, these 
patterns were more complex since they contained a number of 
phases. However, it was apparent that the corner angles made 
by these patterns resembled those found in other systems. The 
difference in the corner angles of specimens dissolution annealed 
in the linear temperature range with those obtained by Scheil 
et Wurst can be accounted for by the different techniques which 
were used. In the present work, the liquid zinc was usually 
allowed to solidify around the composite specimen, but when 
the interaction was continued, until nearly all the molten zinc 
was used, then right angled corners resulted. Since Scheil et 
Wurst withdrew their specimens from the zinc bath after
Ik3
interaction, it is probable that the majority of the liquid sine 
was drained away, which caused a contraction of the layers and a 
widening of the corner angles.
It is considered that the mechanism responsible for 
cruciform pattern formation is due to two factors
(a) there should be primarily an inward movement of atoms 
through the interaction zone
(b) the volume of the growing layers should be greater than 
the volume of metal consumed.
Under these conditions, the layers growing at the metal 
interface continually force the previously formed layers away 
from the interface, until finally, the tensile stress in these 
layers is sufficient to cause rupture at the weakest points, 
that is, the corners.
It is therefore to be expected that if these factors 
occur during interaction ,then cruciform patterns should result 
whether the overall reaction rate is parabolic or linear with 
time, providing there is sufficient tensile stress to cause 
rupture. It is also to be expected that these patterns will not 
be very distinct when the reaction rate decreases with time, since 
the layers will not in general be very thick. This fact 
probably explains why these patterns have been previously 
overlooked in other systems.
Although during the interaction of solid iron with 
liquid zinc a number of phases are formed, it is clear that the
3 M
two factors necessary for cruciform pattern formation are obeyed* 
The present work has shown quite con.clusively. that zinc diffuses 
through the interaction zone, and it has also been stated that the 
specific gravity of the P , 8, a*id 5 layers are 7*36, 7*2^  and 
7 .1 8 , compared with 7 * 8 7  for pure iron?-^
It is considered therefore, that the inward diffusing 
zinc atoms interact with the 6, , P and the iron to produce the 
S , S, and P layers respectively. Thus, at each interface, 
stresses are set up because of the increase in volume which occurs 
and eventually these accumulative stresses are sufficient to 
cause rupture of the 8 , and layers at the corners. It is 
worth noting that the S layer, once it is ruptured, becomes self 
healing, so that the thickness of this layer at the corners is 
not decreased.
In both the lower and upper parabolic regions the rate 
of formation of the 8 , layer is much higher than that of the two 
other layers. Furthermore, the actual formation of this layer 
occurs very near to the iron surface, that,is, at the P/S, 
interface. Since this layer occupies about 80% of the 
interaction zone after long times of interaction, it is to be 
expected that the patterns should be more distinct than if the 
growth of each layer in the interaction zone obeyed a parabolic 
rate law.
(11)It is interesting to note that Scheil et Wurst 
considered the formation of cruciform patterns in the linear
regions of attack to be due entirely to the formation of pervious 
layers. They considered that these pervious layers allowed an 
uninhibted flow of zinc to the iron interface or very near to it, 
so that the formation and growth of the layers followed a linear 
law of interaction, However, the present work has shown that 
although the majority of the S, phase is distributed throughout 
the zinc, there are relatively thick non pervious layers firmly 
attached to the iron surface. It is therefore more likely that 
the pervious layers observed by Scheil were a direct result of 
the continuous formation and rupture of these S, layers as 
postulated above, resulting in a linear rate df interaction.
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*f. 2. THE MOVEMENT OF IRON AND ZINC ATOMS THROUGH THE 
INTERACTION ZONE
if.2.1. Introduction
The knowledge concerning the direction of the diffusing 
atoms was considered to be essential :fbr the theoretical 
interpretation of the results. However, it is clear from the 
literature survey that it is still uncertain which of the two 
metals diffuses preferentially through the intermetallic layers. 
Consequently it was decided to elucidate this process using inert 
markers.
Although the inert marker method has been used in many 
solid-solid diffusion c o u p l e s ^ " * ^ t h e  interpretation of 
the results, obtained by this method, should be done cautiously 
due to the possibility of secondary processes which may occur.
It is considered that
(a) the location of a marker at a metal-layer interface
indicates that the layer is forming exclusively due to
the diffusion of that metal
(b) the location of a marker in the intermediate layer
suggests that the diffusion process may have been due
to several factors, for example, the outer layer between 
the marker and the interface is formed due to the 
outward diffusion of metal, but the inner layer can be 
formed as a result of inward diffusion metal.
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Since in the present work in both the solid-solid and 
solid-liquid couples the markers moved from the iron interface to 
the top of the intermetallic layers, it follows that during the 
interaction process, zinc is the principal diffusing constituent,
k,2,2* Solid-golid Couples
Although it can be argued that during solid-solid 
diffusion the expansion due to the growth of the alloy layers on 
either side of the marker could force it away from the iron 
surface, no gap below the marker found in any couple after 
diffusion as would be expected if this were the case. The alloy 
layers found below the marker were also adherent to the iron base 
which suggests that they had actually grown from the interface.
k»2.3» Solid-Liquid Couples
Since in the solid-liquid experiments the molybdenum 
wires were initially welded to the iron surface, then some errors 
in the subsequent interpretation of the results could arise due 
to i -
1 . incomplete welding of the marker to the iron base
2 . contamination of the weld by oxide, gas and/or metal
3 . structural changes in the weld zone due to heating
Metaliographic examination of the cross sections of a
number of specimens indicated satisfactory welds. This was 
subsequently confirmed by the argument that if there was 
incomplete welding at individual points along the length of the
1A8
wire, then zinc would penetrate below the marker and the 
subsequent growth of the layers would
(a) cause the alloy layers to flow around the marker
(b) break the wire leaving the remainder embedded in the
iron
(c) tear the wire completely away from the interface.
In all the experiments the markers were always found 
partially embedded in the intermetallic layers after a relatively 
short time of annealing. Therefore it can be concluded that 
the conditions established for the welding process gave a 
satisfactory bond between the molybdenum wire and the iron base 
and there was no error due to incomplete welding.
It has to be stressed, however, that.the markers on 
different specimens did not always move the same distance after 
the same times of interaction. This was due possibly to the 
uneven welding resulting in the marker being initially embedded 
in the iron to different degrees, The results of this work are 
therefore anly qualitative, but it is considered that an 
improvement in the technique or a statistical approach could 
make it quantitative.
It is apparent that during the welding some 
contamination of the weld zone is likely to occur. In the 
present work, where qualitative results are sufficient, it was 
considered that the actual amount of contamination would be so 
small that it could not affect the overall process.
Ik9
Metallographic results have shown that the interface between the 
molybdenum, wire was quite distinct with a very,small interaction 
zone. It can also be assumed that structural changes in the 
Armco iron have anly a slight effect on diffusion rates, since it 
has already been shown that annealing of the material has a 
negligible effect on the rates of dissolution.
Metallographic examination of the composite specimens 
after interaction showed that the intermetallic layers grew 
quickly on either side of the markers but never directly above 
them. This fact showed that the layers prevented any penetration 
of the liquid zinc below the marker, and further growth of the 
layers could then occur only by the diffusion of zinc atoms 
through these layers. Since these layers were never found above 
the marker and the marker moved progressively towards the zinc, 
it can therefore be concluded that no outward diffusion of iron 
occurs. This result is to be expected, since even below the 
melting point of zinc, zinc atoms diffuse through the intermetallic 
layers formed in the solid iron-solid zinc couple.
k,2,k. Indirect Observations
The use of inert markers has shown conclusively that 
during the interaction of solid iron with liquid zinc, zinc atoms 
diffuse preferentially through the interaction zone. A similar 
mechanism of diffusion was also suggested by a number of indirect 
observations, during the course of this study.
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k.cL,5» Movement of Inclusions
It has been observed in a number of specimens that
inert inclusions such as oxide or sulphide, originally embedded
in the iron surface, were broken up during the course of the
interaction and were subsequently found scattered throughout
(33)the intermetallic layers. Bablik et al argue from similar 
observations that the presence of inert inclusions on the 
outerface of the layer suggested that solely zinc must be 
diffusing. However, as mentioned previously, the presence of 
inert markers within the interaction zone are not considered in 
themselves direct proof of any one specific mechanism of diffusion. 
Obviously, liquid-solid metal systems are complicated by the fact 
that it is virtually impossible to follow such markers, since once 
they reach the liquid metal they are lost.
An alternative method of determining the direction of 
diffusion can be found by observing the initial movement of such 
markers. Fig 75 shows an inclusion being extracted from an 
embedded position in the iron surface by the growth of the P 
layer underneath. It can thus be argued that zinc has diffused 
around the particle and into the iron surface with,the subsequent 
formation of the iron rich P phase. Further growth of this P 
phase then causes the particle to be pushed away from its 
environment in a direction towards the zinc rich layers. 
Conversely, it is to be expected that if iron was diffusing 
outwards then the formation of the P layer would occur through
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Fig 75 (x8,000)
1 hour at 552°C. Showing 
movement of inclusion away from 
iron interface due to growth of 
the P  layer underneath
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a reaction of the diffusing iron atoms with the 6 , layer 
immediately above the particle. As a result of such a growth 
the particle would remain in its original position. In any case 
if iron was diffusing outwards, it is to be expected that the 
inclusions would eventually congregate in an area close to the 
iron interface. This was not the case in the present work, since 
the inclusions were always found to be distributed throughout 
the interaction zone. Therefore it can be concluded that during 
the interaction the principal diffusing component is zinc.
k,2*6 . Cruciform Patterns
It was also significant that in this work cruciform 
patterns were produced by the growing intermetallic layers at all 
the temperatures investigated. It is generally accepted that one 
of the principal requirements for these geometrical shapes to 
occur is an inward movement of atoms through the interaction 
zone. Thus the growing layers force the initial layers away 
from the interface until the stress produced is sufficient to 
cause rupture at the corners. It can therefore be argued that 
in the present work there was principally an inward movement of 
zinc atoms to the reaction interface. This result d.so supports 
Correa da Silva and Mehl*s^^conclusions that the intrinsic 
diffusion rates between two metals are inversely proportion to the 
their melting points.
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4.5. KINETICS OF THE PROCESS
4.3*1. Introduction
The kinetics of the interactions occurring between 
solid iron and liquid zinc with time in the temperature range 
440°C - 560°C have been studied extensively. Although the results 
are often contradictory, presumably because of the difficulty in 
controlling the variables, it is generally accepted that the 
rate of iron dissolution follows a parabolic time law below 
(lower parabolic) and above (upper parabloic) the temperature 
range 480°C - 520°C, whilst within this range it is linear with 
time.
Conflicting explanations for these changing kinetics 
over such a small temperature range have been previously based 
on the structure and nature of the resulting interaction zones.
It is also commonly assumed that since the loss in weight of iron 
immersed in liquid zinc follows a parabolic time law in both the 
upper and lower ranges of temperature, then the rate determining 
process of the interaction is diffusion of iron and/or zinc atoms 
through the coherent intermetallic layers which constitute the 
interaction zone. However, it has also been argued from 
quantitative measurements on the growth of the individual alloy 
layers with time in the lower parabolic, that diffusion is not
(44)
the rate controlling step during galvanising. In the linear
(11)range, Scheil et Wurst have postulated a non diffusion process
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of dissolution by stating that the intermetallic layers are 
porous which allows an uninhibited flow of zinc to the iron 
surface with a consequent linear rate of interaction.
It was considered’ that further work in this field should 
be directed towards increasing the understanding of the rate 
controlling steps. This work has therefore been designed so 
that the rate of dissolution of the iron and the growth of the 
intermetallic layers could be studied simultaneously in order that 
these changing kinetics of interaction could be clarified with 
reference to the rate controlling steps.
Lower Parabolic
The results of this work have shown that in the 
temperature range 440°C - £9 5 °C the rate of iron dissolution and 
the growth of the individual alloy layers all decrease with time. 
Furthermore, it has been shown that these rates can be described 
by an empirical equation of the type :~
1  - I - * 1y = kt
where y = thickness at t time 
and k and n are constants.
In the case of iron, the value of n in the above 
equation was found to be approximately 0 .5 » which describes a 
parabolic rate law. This indicates that the overall process 
of interaction may be controlled by one of the following
1. Chemical reaction
2 . Diffusion.
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Since in this process the concentrations of iron and zinc appear 
to be constant at the place of interaction, the rate of chemical 
reaction should be constant with time. It has been shown, 
however, that the rate of interaction decreases with time aad 
therefore the first possibility cannot apply. It can therefore 
be concluded that the process is diffusion controlled.
Metallographic observations of the iron surface confirm 
the above conclusion. In this work it was found that after 
interaction the original sharp contours of the iron specimen 
were rounded. This was no doubt due to the decreased thickness 
of the alloy layers at the corners allowing a greater diffusion 
rate of zinc and thus increasing the rate of interaction at these 
points.
Thus, it is' to be expected that the rate of growth of
the total alloy layers, would also follow a parabolic rate law
with time and temperature similar to iron. However, in the
present work this has not been observed to be the case, since
the value of n for the total alloy growth was approximately 0 .5 &
compared with approximately 0.5 for iron. Furthermore, a plot of
I
the rate constant k against T did not form a continuous straight 
line (Fig 4-1). Thus the growth of the totql alloy layers appears 
to be quite complex.
This argument is confirmed by a consideration of the 
growth laws describing the individual layers. The constants n 
for the P  , S, an(* ’S layers were found to be approximately
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0.25, 0.65 and 0*53 respectively. It has also been shown that
(a) the rate constant k for the growth of the P layer does
not alter significantly with increasing temperature
(b) the rate constant k for the growth of the §  layer
decreases with increasing temperature up to 49.0°C and 
then suddenly increases.
Due to the fact that the rate constant k for the i> layer
decreases with increasing temperature, an apparent negative
activation energy was obtained. A similar case has also been
(97)reported during the interdiffusion of aluminium and uranium.
It was found that the UAl^ layer in this system decreased in 
thickness with increasing temperature above 560°C. Unfortunately, 
a pressure was applied during the interaction which may have 
altered the kinetics of the process. Kidson^"^ considers that 
this type of behaviour is quite possible, since the continuous 
growth of each intermetallic layer in such systems is controlled 
not only by diffusion of the components through each layer, but
also by the solid phase chemical reactions occurring at each
(99) 
interface.'
Thus, it is to be expected that if the rate of chemical 
reactions occurring st the interfaces is higher than the diffusion 
flow, then the kinetics of the process would be controlled by 
diffusion. However, if diffusion was faster than the rate at 
which the chemical reactions occurred, then the process of growth 
would be controlled by these chemical reactions.
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In both these extremes cases .the isothermal growth of 
the layers could be described by a simple parabolic time law or a 
linear time law where the values of n in the equation
1 4-ny = kt
would be 0*5 and 1.0 respectively. In no case did the measured 
value of n for the present data approach 0 . 5  and hence it would 
appear that solely diffusion is not the rate controlling factor 
during the growth of the layers.
These experimental values of n indicate that the factors 
controlling the reactions at each interface are rather complex and 
may be due to diffusion and chemical reactions. In any case the 
observed rate of growth of each layer is obviously dependent 
upon :-
(a) their rates of formation
(b) their rates of decomposition.
Since all the intermetallic layers in the interaction 
zone a?e of finite width and grow with time at each isothermal 
temperature, then their rates of formation must be higher than 
their rates of decomposition. It follows frcm these considerations 
that since zinc is solely diffusing through the intermetallic
layers then the following reactions most probably occur at each
interface
8, S r  s, Fe Zv, r1
and thus the rate of formation of the P layer must be higher 
that that of the other two phases. Since the total m te of iron
dissolution essentially follows a parabolic time law, then the 
reaction :-
must be controlled by the diffusion of zinc to this interface.
Thus, although the factors affecting the growth of the 
individual intermetallic layers appear to be quite complex, the 
overall deciding factor for the rate of iron dissolution must be 
the diffusion of zinc through all the alloy layers.
of diffusion would appear to be slight, since not only is it 
very thin, but its rate constant k is virtually independent of 
temperature. It is also to be expected that diffusion in the 
8 , layer must be quite rapid. This follows from the fact that 
this layer occupies the greatest width in the interaction zone 
and it is considered that the higher the diffusion rate in a 
layer, the greater the resultant width of that layer. The high 
rate of diffusion in the S, layer may be caused by the apparent 
preferential orientation or by the large number of boundaries in 
the b, palisade layer. It is interesting to note, however, 
that as the rate constant of the 5  layer decreases with 
temperature, the overall rate constant for the iron dissolution 
increases. Furthermore, it has been shown that as long as an 
adherent layer of "S remains on the surface of the interaction 
zone, a moderate rate of attack occurs. However, its 
disappearance from the interaction zone allows the molten zinc
The influence of the P layer on the overall process
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to break up the remaining St layers with a consequent increase 
in the rate of attack.
The protective nature of the S  layer tends to be 
confirmed from the experiments on the rate of to 5  
transformation. If S is protective, then it can be argued that 
any element which increases its rate of formation would decrease 
the total rate of iron dissolution during galvanising. This work 
has shown that the elements cadmium, antimony and tin, added to 
the y/o iron-zinc alloys, decrease the rate of transformation of 
6, to • It would be expected, therefore, that these elements 
when added to the liquid zinc during galvaising would increase the 
rate of attack on the solid iron. This is confirmed in 
p r a c t i c a l t h o u g h  the % increase could not be correlated 
with the results obtained in this work.
It is interesting to note that no zinc was detected 
in the iron specimens after interaction. This can be explained 
by the fhct that the rate of diffusion of zinc into the iron is 
a function of the rate of P layer formation. From kinetic 
considerations it is also possible that the energy of activation 
for the formation of the ©< solid solution is higher than that 
for the formation of the other layers in the interaction zone, 
since it has been shown that these energies of activations for 
the layers are lower than normal diffusion processes.
4.3*3* Linear
In this work a linear rate of iron dissolution in molten 
zinc was found to occur over e. ...small temperature range 495°^ -et .*•'
5 l8 °C. These temperature limits agree very closely with recent 
( 3 9 ifo)
results. ■ However, whereas these investigators found
transition ranges in which the rate of dissolution gradually 
increased and then decreased, when the rate of attack changed 
from parabolic to linear and back to parabolic, no such ranges 
were observed in the present work. From the results it can be 
seen that the rate of attack changed suddenly at 495°C*
However, the change from linear to parabolic at 5 l8 °C was not 
so definite since two rates of attack appeared to be occurring on 
specimens dissolution annealed at this temperature.
It is considered that a linear rate of iron dissolution 
indicates that in this temperature region the diffusion of zinc 
through the alloy layers is faster than the rate of chemical 
reactions occurring at the interfaces and therefore the chemical 
reactions are the rate controlling step of the overall dissolution 
process.
Since the majority of the alloy layers was dispersed 
throughout the zinc bath in this temperature region, no 
measurements for their rates of growth were possible. However, 
it was found that the P  and £, adherent layers adjacent to the 
iron interface appeared to be virtually constant in thickness 
with both time and temperatures. The 8 , palisade layer on the
l6l
other hand, grew continuously to a certain thickness and 
periodically peeled off and floated away into.the zinc bath. Thus 
the diffusion path was maintained relatively constant with time, 
so that at each isothermal temperature a constant rate of 
interaction resulted.
(lij.
Many previous investigators ’ considered that a
linear rate of interaction was due to the absence of the P layer. 
Since this work has already shown quite conclusively that this 
layer is present in the interaction zone at these temperatures 
then this explanation for a linear rate of dissolution is 
incorrect.
Some authors considered that in this range of 
temperatures porous alloy layers are formed^^ The liquid zinc 
can thus reach the surface of the iron by capillary action where 
a chemical reaction occurs. This uninhibited flow of zinc to 
the iron surface consequently results in a linear rate of 
interaction. It is clear that this explanation has to be 
modified to account for the adherent impervious layers adjacent 
to the iron surface as found in this work.
It has been found ectremely difficult in this work to 
explain why :-
(a) the 8 , palisade layers peel away from the adherent 
layers during the course of the interaction
(b) the rate of iron dissolution first increases and then 
decreases, although remaining linear with time at each 
isothermql temperature.
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Although it could be argued that the 6 * palisade layer 
peels away due to the inherent stress caused by its formation, or 
by the fact that this layer is unstable in contact with liquid 
zinc at these temperatures, it has been shown that provided these 
S, layers are thick enough they will not peel away. Furthermore 
it has been shown that these S, layers exhibit no difference in 
structure or properties to similar compact layers formed in the 
upper parabolic range.
It is possible that these changing kinetics of 
interaction are the result of two or more factors such as
1 . the effect of higher temperatures causing an increase in 
the rate of reaction
2 . the effect of higher temperatures increasing the 
plasticity of the layers which allows them to 
accommodate greater stresses. Thus, the layers would 
not peel away so readily and effectively the rate of 
attack would be reduced.
4.3*4. Upper Parabolic
In this upper temperature range the results for the 
rate of iron dissolution and the growth of the layers have again 
been interpreted using the formulae
y = kt
The values of n for the iron and the P layer were calculated to 
be approximately 0.48 and 0.42. Although no values of n for
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the total St layer could be deduced, due to dispersion of part 
of this layer by the liquid zinc, the results for the growth of 
the 6, adherent and palisade layers indicate that it was 
substancially higher than that for the P "layer.
Thus, in the upper parabolic, it would appear that the 
growth of the layers is again complex. However, the value of n 
for the iron indicates that the overall dissolution process is 
again controlled by the diffusion of zinc to the reaction 
interfaces. It is possible that the true value of n for the 
P layer may be nearer 0 . 5  since the layers were extremely uneven 
in this temperature range making measurement difficult. If this 
were the case then it can be argued that diffusion of zinc through 
the P layer is the rate regulating step. In any case, the low 
value of n for this P layer indicates that*it has the 
greatestinfluence in regulating the diffusion of zinc to the iron 
surface. ,
It is interesting to note from Fig 42, which shows a 
plot of log rate of iron dissolution against the reciprocal of the 
absolute temperature, that the points for the upper and lower 
parabolic regions have similar slopes and thus similar 
activation energies. However, they do not appear to fall on a 
continuous line. This indicates that in the two regions the 
predominant rate controlling step is probab-ly not the same. This
conclusion confirms the previous arguments that in the lower and 
upper parabolic regions the predominant layer controlling the 
rate of zinc diffusion to the iron interface is different.
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CONCLUSIONS
From the present work the following conclusions can be 
drawn regarding the interaction of solid iron with liquid zinc
1. The attack by molten zinc on solid iron changes from
a parabolic to a linear time law at 495°C t anc* back to
a parabolic time law at 5l8°C.
2* Below and above the temperature range 495°C - 5 l8 °C,
diffusion of zinc controls the dissolution rate of the 
iron. Within this r&ng§ the rate of iron dissolution 
is controlled by chemical reactions.
3. In the lower parabolic range the presence of the S 
layer has the greatest effect on regulating the 
diffusion of zinc through the interaction zone, whilst 
in the higher parabolic range the P layer has the 
greatest influence. In the linear range the 
instability and periodic peeling of the palisade layer 
results in a constant ini-eraction rate.
4. The previous theories regarding the mechanism
responsible for the changing kinetics of interaction 
with temperature are inconsistent with the results 
obtained in the present work and therefore cannot be 
accepted as being completely correct.
5 . The factors controlling the rates of growth of the 
intermetallic layers are rather complex. However, 
the rate of growth of the S, layer is higher than 
either the or P layers.
The growing internetallic layers form cruciform 
patterns at all temperatures investigated.
The zinc diffuses through the interaction zone.
The existence of the 0< phase could not be detected 
at any temperature.
The presenc of the P layer was detected at all 
temperatures.
The crystalline nature of the S, palisade and adherent 
layers were found using X-rays to be identical.
However, there is a definite difference in the chemical 
and some physical properties between these layers.
The 6 , palisade does not normally possess capillaries 
or porosity at any temperature. In the linear range 
it is infiltrated by molten zinc, through fissures 
produced at the corners, in a horizontal direction to 
the interacting iron surface.
Below 5l8°C the existence of a compact 6 , palisade layer 
depends upon the presence of a continuous layer.
The "S phase normally exists only as a continuous layer 
below 495°C.
The melting point of the S phase is lower than the 
accepted value of 5 3 0 °C.
A qualitative relationship has been established with
regard to the effect of added elements to the zinc on
the subsequent rate of attack on iron and the effect 
these elements have on the rate of formation.
It is still not clear from this work why the 
palisade layer is relatively stable ab^ve 5 l8 °C and 
not in the temperature range 495°C» since all 
analytical results showed these layers to be identical.
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RECOMMENDATIONS FOR FURTHER WORK
Future work on this system should be directed towards 
explaining the cause of the peeling effect exhibited by the S, 
palisade layers in the temperature range 485°C - 5 l8 °C. It may 
be useful in this connection to carry out dilat©metric and 
electrical resistivity measurements on the 6 , phase over this
range o£ temperatures.
It is also considered that further investigations are 
necessary to establish conclusively the melting point of the "!§ 
phase.
A more comprehensive and quantitative study on the 
effects of added elements on the periitectic readtion
S, ■+■ L •f
is desired since stabilistion of the €  phase in the linear range 
would be of great importance to the galvanising and pressure die 
casting industries.
More detailed work on the solid-solid diffusion between 
iron and zinc is required to determine these as yet unknown 
diffusion coefficients.
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Table 6
Microhardness Values Across the Iron Interface of Specimens
Prepared at (A) 1 7  hrs. at -^57°U * (B) hrs. at 505°U and
(C) k hrs at 553°C» Microhardness taken Every 0^05 mm. Load 30 grm.
Specimen (A) 
V.P.N. Units
Specimen (B) 
V.P.N. Units
Specimen (C) 
V.P.N. Units
115 1 0 1 107
llif lO^fr 1 1 2
117 1 1 1 109
1 1 1 1 1 1 1 1 0
115 10k 107
1 1 2 105 107
1 1 0 1 0 6 1 0 8
1 0 ? 10k 113
119 1 0 6 109
115 1 1 0 109
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Table 7
Microhardness Values Across the Interaction Zone Formed at Various
Times and Temperatures, i.e., Specimen (A) 1 hr. at *+*+9°C. 
Specimen (B) 8 hrs. at 301°0 and Specimen (C) 2 hrs. at 3 *+2 °C. 
Microhardness Taken EveryQ.05 mm. Load 50 grms.
I Specimen (A)
V.P.N. Units
\ . . ..... ...
Specimen (B) 
V.P.N. Units
I Specimen (C) 
V.P.N. Units
ti
117 1 1 2 107
1 1 7 1 0 6 1 1 *+
117 1 1 8 1 0 *+
1 1 *+\ 109 1 1 *+
339' 2 7 6 350
3 6 8 123 33*f
303 8 *f • 2 2 8 0
2 8 0 95.8 2 9 2
2 6 8 1 0 1 3 0 1
2 7 6 8 6 . 9 2 7 8
2 0 2 75.2 2 0 2
197 9?*^ 15^
*+*+.*+ 89.7 1 1 *+
*+2.7 8 6 . 9 63.9
33 *+2.9 *+7.6
**2.9 1*9 . 9 *+7.0
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Table 8
Microhardness Values Across (A) the S tAdherent Layer and (B) 
the S, Palisade Layer Formed at Different Temperatures. 
Microhardness Taken E v e r y J r » m .  Load, 30 grms.
Hardness in V.P.N. Units
Preparation 6 t Adherent Palisade
17 hrs. @ 553 C 315
368
356
356
356
368
350
3*+*+
339
3*+*+
32*+
305
310
310
296
301
301
305
272
*+ hrs. @ *+57°C 37*+
368
37*+
3*+*+
3*+*+
3*+*+
339
350
292
319
310
305
292
305
292
296
292
172
Table 9
Microhardness Values Across the Layer Formed at Different 
Temperatures (A) If hrs. at lf^ -9°0» (B) k hrs at ^97°C» 
Microhardness Taken Every Q 05 ma. Load 10 grms.
Specimen (A) V.P.N. Units Specimen (B) V.P.N. Units
193
197
201
193
186
210
186
21k
189
205
189
193
21*f
178
193
2 1 *f
201
21*f
Table 10
Dimensional Changes of Iron After Dissolution Annealing in Liquid 
Zinc with Time and Temperature
Temp, in °C Decrease in 
thickness 
in mm.
Time 
in 
hrs.
Temp in °C Decrease in 
thickness 
in mm.
Time 
in 
hrs.
kk2°C t 2°C 0.015 1 489°c  t 2°C 0.025 1
II 0.025 2 it 0.035 2
H 0 .0 3 0 4 11 0 .0^5 4
II 0 .0 5 0 8 11 0.075 8
1* 0 .060 17 11 0 .1 0 5 17
457°C i  2°C 0 .0 1 5 1 if95°C -  1°C 0 .0 3 0 1
ii 0 .0 2 5 2 11 o.oko 2
it 0.040 4 11 0 .050 4
ii 0 .0 5 0 8 11 0 .0 8 5 8
u 0 .0 7 5 17 it 0 .1 1 5 17
i f66°c  ± 2 °c 0.020 1 501°c -  1°C 0 .0 5 5 1
II 0.025 2 It 0 .1 2 5 2
It 0.040 4 I 0.240 4
II 0.055 8 I 0.525 8
II 0 .0 8 0 17 I 1 .0 8 17
480°C -  2°C 0.020 1 505°c i  i ° c 0 .050 1
ti 0 .035 2 II 0.145 2
ti 0 .0 4 5 4 II 0.275 4
it 0 .0 7 0 8 II 0 .550 8
it 0 .0 9 5 17 II 1 .19 17
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Table 10
Dimensional Changes of Iron After Dissolution Annealing in Liquid
Zinc with Time and Temperatur e
Temp, in °C Decrease in Time Temp, in °C Decrease in Time
thickness in thickness in
in mm. hrs.! in mm. hrs.
510°C 1 1°C 0.060 1 531°C ± 2°C 0.050 1
n 0 ,135 2 1 0 .065 2
tt 0.290 4- 1 0.090 4-
i i 0.54-0 8 tt 0 .125 8
it 1.300 17 11 0 .185 17
515°C ± 1°C 0 .055 1 54-2°C i  2°C 0.055 1
u 0 .125 2 ti 0.070 2
it 0.24-5 if 11 0.095 k
I I 0 .525 8 11 0.130 8
M 1.005 17 n 0.200 17
5l 8°c  ± 2°C Could not 553°C i  2°C 0.055 1
be
accurately
tt 0 .075 2
measured. n 0.105 4-
11 0.14-0 8
ti 0.220 17
523°C i  2° 0.050 1 56o0c i  2°G 0.065 1
n 0.060 2 11 0.090 2
u 0.090 if j i 0 .115 if
it 0.120 8 »i 0.160 8
II 0 .185 17 11 0.230 17
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Table 11
Thickness of the* Interaction Layers .with Time and Temperature
Time 
in 
hrs.
Thickness of the interaction layers
p
■
S
Adherent Palisade 1 s *j Total t
Total
Layers
.Temp, in 
°C
1 0.0015 0.026 0.20 0.046 0 .035 0.0825 442°C i
2 0.0024 0 .034 0 .034 0.068 0.037 0.1074 »!
4 0.0027 0.048 0.057 0 .105 0.050 0.1577 II
8 0.0032 O.O65 0.072 0.137 0 .064 0.2042 I
17 0.0038 0.092 0.155 0.247 0.080 0.3308 It
1 0.0019 0.027 0.028 0.055 0 .024 0.0809 ^57°c  t
2 0.0025 0.042 0 .045 0.087 0.030 0.1195 II
4 0.0027 0.049 0.083 0.132 0 .042 0.1767 I
8 0.0032 0.075 0 .151 0.226 0.048 0.2772 It
17 0.0039 0.099 0 .240 0.339 0.056 0.3989 II
1 0.0020 0.030 0.039 O.O69 0.017 0.088 !t66°c  i
2 0 .0024 0 .041 0.071 0.112 0.024 0.1384 II
4 0.0027 0.056 0.116 0.172 0.027 0.2017 I
8 0.0036 0.078 0.205 0.283 0.040 0.3266 II
17 0,0041 0 .103 0.292 0 .395 0 .045 0.4441 II
1 0.0019 0.027 0.050 0.077 0 .013 0.0919 if8o °c  i
2 0.0021 0.041 0.092 0.133 0 .015 0.1501 II
4 0.0026 0.055 0 .154 0.209 0.018 0.2296 It
8 0.0031 0.070 0.271 0.341 0 .025 O.3691 I
17 0.0039 0.087 0 .463 0.550 0 .029 O.5829 II
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Table 11
Thickness of the Interaction Layers with Time and Temperature
Time Thickness of the Interaction Layers Temp., in
in 
hrs. n S.Adherent Palisade 61Total s TotalLayers °C
1 0 .0019 0.029 0 .0 6 6 0 .0 9 5 0 .0 3 1 0.1279 489°C
2 0.0023 o.o4l 0 .1 0 9 0 .1 5 0 0 .0 3 5 0.1873 h
4 0 .0028 0.055 0 .1 8 1 0 .2 3 6 0 .0 2 9 0 .2678 tt
8 0.0033 0 .0 6 8 0 .2 9 5 0 .3 6 3 0 .0 3 5 0.4013 tt
17 o .o o43 0 .0 8 9 0.487 0 .5 7 6 0.043 0.6233 tt
1 0 . 0 0 1 9 0 . 0 2 7 0 . 0 6 3 0 . 0 9 0 0.053 0.1549 495°C
2 0.0025 0 . 0 3 5 0 . 1 0 7 0.14-2 0.093 0.2375 it
4 0 . 0 0 2 8 0 . 0 5 1 0 . 1 9 3 0.244 0.104 0 . 3 5 0 8 it
8 0.0034 0 . 0 6 5 0 . 2 9 3 0.358 0 . 1 1 8 0.4794 tt
17 0.0043 0 . 0 9 6 0 . 5 1 7 0.613 0 . 1 3 8 0.7453 it
s.*-n
1 0 . 0 0 1 6 0 . 0 2 1 0.067 0 . 1 5 0 523°C
2 0 . 0 0 2 2 0.033 0.105 0 . 2 8 0 tt
4 0.0027 0 . 0 5 0 0.173 O.3 8 O tt
8 0.0034 0 . 0 6 0 0 . 2 6 1 0.490 tt
17 0.0042 0 . 0 8 6 0.396 - tt
1 0 . 0 0 1 6 0 . 0 3 0 0 . 0 6 8 0 . 2 3 0 531°C
2 0 . 0 0 2 2 0.033 0.114 0 . 2 3 0 tt
4 0 . 0 0 3 0 0 . 0 5 0 0.169 0 . 3 3 0 it
8 0 . 0 0 3 8 0.063 0.259 0.460 tt
17 0 . 0 0 5 0 0.104 0.400 0.640 tt
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Table 11
Thickness of the Interaction Layers with Time and Temperature
Time
in
hrs.
Thickness of the Interaction Layers Temp, in °c
P Adherent Palisade S+n
1 0.0020 0.021 0.085 0.110 542°C t 2 °C
2 0.0033 0.031 0 . 1 3 0 0 .2 C0 i»
4 0.0042 0.049 0 . 1 8 2 0*260 tt
8 0.0053 0.074 0.253 0 *. 480 tt
17 0 . 0 0 6 6 0.103 0.407 0 . 6 3 0 ti
1 0.0033 0.020 0 . 0 9 2 0 . 0 5 0 553°C ± 2°C
2 0.0042 0.027 0.137 0 . 0 8 0 11
4 0 . 0 0 6 2 0 . 0 5 0 0.187 0.270 it
8 0.0078 0.073 0.260 0.360 it
17 0.0100 0.123 0.357 0.630 11
1 0.0045 0.020 0.078 56o°C ± 2°C
2 0.0065 0.035 0.134 0.300 11
4 0 .0 0 8 2 . 0.070 0.185 0.090 11
8 0 . 0 1 0 6 0.105 0 . 2 2 6 O.3 6 O 11.
17 0.0154 0.173 0.307 0.510 it
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Table 12
Values of the Constants n for the Growth of the Alloy Layers and
the Dissolution of the Iron
I Temp, in 
°C
Interaction Layers
Iron
r
Adherent
S.
Palisade
S.
Total
8. ■s
Total
Layers
442°C 0. 214 0 . 4 5 1 0 , 7 1 2 0 . 5 3 6 0 . 3 2 8 0.503 0.492
457°C 0.253 0.469 0 , 7 7 6 0.645 0.344 0.559 0 . 5 0 6
466°C 0.251 0 . 4 3 3 0 . 7 0 3 0 . 6 2 3 0.353 0 . 6 0 2 0.489
48o°C 0.240 0.412 0 . 7 8 5 0 . 6 7 7 0 . 3 2 3 0.648 0,464
489°C 0 . 2 8 1 0.407 0 . 7 0 7 0 . 6 3 6 0 . 0 6 6 0 . 5 6 1 0.503
495°C 0.283 0 . 4 5 7 0 . 7 3 9 0.684 0 . 1 7 6 0.592 0.469
501°C - - - - - - 1 . 0
505°C - - - - - - 1 . 0
510°C - - - - - - 1 . 0
515°C - - - - - - 1 . 0
5l8°C - - - - - - 1 . 0
523°C 0.203 0.452 0 . 6 5 8 - - - 0.480
531°C 0.413 0.427 0 . 5 9 3 - - - 0.483
542°C 0 . 4 2 9 0 . 5 8 8 0 . 5 5 3 - - - 0.470
553°C 0.407 0 . 6 7 0 0 . 4 9 2 - - - 0.477
56o°C 0.440 0.857 - - - - 0.479
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T'/ble 13
Values'of the Rate Constants k for the 
Growth of the Inter?" ction Layers
Layer Temp, in °C I/T°K x 103 Rate x 10^ 
cm/sec/face
Log Rate |
p 442°c 1.398 0.5696 1.7555
ti 457°C 1.370 0.5278 1.7225
466°C 1.353 0.5555 1.7447
ti 48o °c 1.328 0.5278 1.7225
tt kS9°C 1.312 0.5278 1.7225
u 4 95°C 1 . 3 0 2 0.5278 1.7225
tt 523°C 1 . 2 5 6 0.4889 1.6892
tt 531°C 1.244 0.4612 I . 6 6 3 8
tt 542°C . 1.227 0.6305 1.7997
St 553°C 1.211 0.9249 1.9661
tt 5 6 o°c 1.200 1 . 2 5 0 O.O969
S kl2°C 1.398 8.888 0.9488
tt 4 57°C 1.370 6.667 0.8239
5f 466°C 1.353 4.917 0.6917
tt 480°C 1.328 3.334 0 . 5 2 2 9
tt k§9°C 1.312 8 . 6 1 2 0.9351
tt 495°C 1 . 3 0 2 22.5 1.3522
S, 442°C 1.398 13.33 1.1249
tt 457°C 1.370 1 5 . 2 8 1.1841
It 466°C 1.353 1 9 . 8 6 1 . 2 9 8
tt 48o °c 1 . 3 2 8 22.78 1.3575
tt 489°C 1 . 3 1 2 2 6 . 6 7 1.426
II 495°C 1 . 3 0 2 24.44 1 . 3 8 8 2
ISO
Table 15
Values of the Rate Constant k for the Growth of the Interaction 
Zone and Dissolution of the Iron
Layer Temp, in 
°C I/T°K xlO-5
c
Rate x 10 
cm/sec/face
Log Rate
Total Layers 442°C 1.398 2 1 . 1 1 1.3245
11 457°C 1.370 2 2 . 7 8 1.3575
" 466°C 1.353 24.44 1 . 3 8 8 2
" 48o°C 1 . 3 2 8 2 6 . 1 0 1.4167
" 489°C 1.312 35.0 1.5441
•» 495°C 1 . 3 0 2 40,56 1 . 6 0 8 1
Iron 442°C 1.398 2.269 0.3558
" 457°C 1.370 2.459 0 . 3 9 0 8
" 466°C 1.353 2.778 0.4438
" 48o°C 1 . 3 2 8 3.528 0.5475
M 489°C 1 . 3 1 2 3.556 0.5509
h Zf95°C 1 . 3 0 2 if. 176 0 . 6 1 9 8
" 501°C 1 . 2 9 2 7.055 0.8485
" 505°C 1.285 9-74 0 . 9 8 8 6
" 510°C 1.277 11.58 1.0637
m 5 1 5 °C 1.269 7.055 0.8485
" 5.18 °C 1.264 - -
11 5 2 3 °C 1 . 2 5 6 6.25 0.7959
" 531°C 1.244 6.525 0.8145
11 542°C 1.227 7.255 0 . 8 6 0 6
11 553°c 1 . 2 1 1 7.778 0 . 8 9 0 8
" 560°C 1 . 2 0 0 8 . 6 1 0.935
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Table 13
Values of the Rate Constants k for 
the Interaction Layers
T I Temp, in Layer I
°C I/T°K x 103
Rate x 10^ 
cm/sec/face
Log Rate
6 , Adherent 442°C 1.398 7 .0 8 2 0 .8502
" 457°C 1.370 7.638 0 .8 8 3 0
" 466°C 1.353 8 .6 1 2 0.9351
" 48o°C 1 . 3 2 8 8 .0 5 6 0 . 9 0 6 1
» 489°G 1.312 8.333 0 . 9 2 0 8
»» k95°C 1 .302 7.223 O.8587
" 523°C 1 .256 6 .583 0.8l84
•' 531°C 1.244 6 .944 0.84l6
,f 542°C 1.227 5.833 0.7659
tt 553° C 1 . 2 1 1 5.084 0 . 7 0 6 2
" 56o°C 1 . 2 0 0 5.473 0.7382
6, Palisade 442°C 1.398 5.75 0.7597
" 457°C 1.370 7.778 0 .8 9 0 9
'• 466°C 1.353 11.89 1.0751
» 48o°C 1 . 3 2 8 14.44 1.1597
" 489°C 1.312 18.47 1.2665
" 495°C 1 .302 1 5 . 2 2 1 .1 8 2 2
ti 523°C 1 .2 5 6 18.33 1 .2 6 3 2
it 531°C 1.244 20.55 1.3129
n 542°C 1 . 2 2 7 23.33 1 . 3 6 8
553°C 1 . 2 1 1 26.24 1.4191
11 56o°C 1 . 2 0 0 - -
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Table 14
The Growth of the Intermetallic Iron-Zinc Layers After Being 
Subjected to a Rouble Dissolution Annealing Treatment
Dissolution Annealing : Thickness-of Intermetallic Total
Treatment Layers (mm) Thickness
457°C 506°C 542°C s (mm)r Adherent FfetLiscde t
4 hrs 0 . 0 0 3 0 0.047 0 . 0 8 1 0.0k5 0 . 1 7 6 0
4 hrs 0 . 0 0 1 0 0.0075 0.045 - 0.0535
4 hrs 0.0042 0.049 0 . 1 8 2 mm 0.2352
4 hrs ------- ► 4 hrs 0.0033 0 . 0 5 0 0 . 2 2 0 0.2733
4 hrs *-------  4hrs 0.0040 0 . 0 6 8 0.194 ** 0 . 2 6 6 0
4 hrs - *  1 hr 0.0023 0 . 0 3 8 0.117 0.1473
4 hrs —* 2 hrs 0.0024 0.043 0.137 - 0.1824
4 hrs —*> 3 hrs 0.0025 0.048 0.175 - 0.2255
4 hrs 4 hrs 0 . 0 0 2 6 0 . 0 5 0 0.187 - 0.2396
4 hrs — ► 5 hrs 0 . 0 0 3 1 0.051 0 . 2 2 6 - 0 . 2 8 0 1
4 hrs —* 6 hrs 0 . 0 0 2 8 0 . 0 5 2 0 . 2 2 1 mm 0.2748
1 hr ■4’—" 4 hrs 0.0027 0.049 0.229 0.2807
2 hrs*— 4 hrs 0 . 0 0 2 8 0 . 0 5 6 0.243 - 0 . 3 0 1 8
3 hrs 4 hrs 0 . 0 0 2 8 0.057 0 . 2 5 2 - 0 . 3 1 1 8
4 hrs *—■* 4 hrs 0 . 0 0 3 1 O . 0 6 3 0.304 - 0.3701
5 hrs *—  4 hrs 0 . 0 0 3 0 0 . 0 7 0 0.348 - 0.4210
6 hrs <—  4 hrs 0 . 0 0 3 1 0.073 0.370 0.4461
1 3  hrs*— 4 hrs 0.0033 0.079 0.541 - 0.6233
7 hrs— * 3  hrs 0.0025 0 . 0 5 0 0.197 0.2495
3 hrs4— 2 hrs 0 . 0 0 2 6 0 . 0 5 8 0.248
"
0 . 3 0 8 6
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Table 13
Summary of the Results on the Temperature Range of 
Stability of the ^  Phase
Treatment of Specimens I Time 
I (hrs) 
!
Phases.. 
Present I
Preliminary Experiments
(a) Annealed 1 6 hrs. at , cooled
to 521°C and isothermally annealed for 2 S f + V)
(b) As (a) then cooled to 513°C and
isothermally annealed for 2 8 , + n
(c) As (a) and (b) then cooled to 5 0 2 °C
and isothermally annealed for 2
(d) As (a), (b) and (c) then cooled to
485°C and isothermally annealed for 2 6 ,* ’ty*S
(e) As (a), (b), (c) and (d) then cooled
to V7 3 °C and isothermally annealed for 1 6 ■§
A Specimens were homogenised at 5 5 0 °C 1
, n
6 , -**"H
for 1 6  hours then cooled to 5 2 5 °C 3 S, + n
and isothermally annealed for 8 S, ♦ .
2k S, +  T> |
Specimens were homogenised at 5^5°0 1 S,+ n  + S
for 16 hours, then cooled to 502°C 2 6 , + r  -*-3
and isothermally annealed for k •n ♦ s
9 6 .-*- n
2k s, + n
....... t
Specimens were homogenised at 5^5°C 1 8 , - u  * $
for 1 6 hours then cooled to A-7 5 °C and 2 8 . ♦ n  * S
isothermally annealed for 3 6 ,+ n  + S
1
1 0 $.+ n
......'....... —  - ............... >M
Table 15
1 Treatment of Specimens Time Phases
i
(hrs) Present
B Specimens were homogenised at kk5°G 1
for 1 6 hours then heated to 5 0 5 °C and 2 § +~t\
isothermally annealed for 7 S
2k
Specimens were homogenised at kk^° C 1 $ *■
for 1 6  hours then heated to 525°C and 2 $
isothermally annealed for 12 S + “>) + S(
2k 1 + ^+S,
Specimens were homogenised at Mf5°C $ + +6,
for 1 6 hours then heated to 535°C and 1 i +y\*S,
isothermally annealed for k S
2k 5 + i) + 8,
C Specimens were homogenised at 550°C
for 20 hours, cooled to -^5 0 °C and
annealed for 20 hours before heating to
(a) 503°C * 2°C Ikk- ■ $ +T)
(b) 505°C - 2°C Ikk t m
(c) 509°C i 2°C 120
(d) 510°C t 2°C 120
(e) 51k°G ± 2°C 72 ■§ * ~n +8,
(f) 519°C t 2°C kS $ +y)+S,
(g) 522°C t 2°C 68 $
(h) 526°C - 2°C kS S *■ T'-S,
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Table 15
"Treatment or Specimens Time % S
...... . »
present
Before j After "
D Specimens were homogenised for 
2k hours at A5 0 °C, then 
2k hours at 550°C before being 
cooled to kS0°C and allowed 
to partially transform for 
2-gr hours so that ratio of 
S j /  S  was approximately 
50/50. Specimens were then 
heated to
(a) 501°C t 2°C
(b) 505°0 i 2°C
(c) 511°C ± 2°C
(d) 5l6°C t 2°C
Ik days 
Ik days 
Ik days 
l*f days
k9.2
k7.5
55.6
58
100
45.1
k5.9
0.0
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Table 16
The Effect of Alloying Elements on the S. to £ Transformation. All 
Alloys Annealed at 550°C for 1 6 Hours then Cooled to kSO°C 
and I&othermally Annealed for Various Periods of Time
Time 
in hrs.
% $ to 8, Transformation
F e/Zh j Fe/Sn/Zn J Fe/Sb/Zn |Fe/Gd/Zn Fe/Al/Zn
.
Fe/Cu/Zn
1 2.9 5-, 2 k.l 11.7 0.0
2. 86.0 37.7 53.6 23.7 10.5 0.0
3 98.5 8 0 . 1 ' 91.1 73.6 6.5 0.0
k 100 89.3 99.0 8 0 . 2 7.9 0.5
5 100 9;+. 3 100 90.2 lk.0 1.1
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